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Preface

The glycan chains modifying proteins and lipids are critically involved in various 
physiological and pathological events occurring both in the cells and on their sur-
faces. This major posttranslational modification is crucial not only for the physical 
properties of proteins but also for their functional regulation and fate determination. 
Despite the importance of glycosylation, biophysicists have often hesitated to study 
glycoproteins because of glycan complexity, heterogeneity, and flexibility. 
Moreover, although evidence indicates that glycolipids form dynamic clusters on 
cell membranes and provide platforms of molecules involved in cell recognition and 
consequent signal transduction, their structural complexity and transient assembling 
properties hamper the biophysical approaches used to characterize these molecular 
systems. Significant advances in biophysical approaches to the complex glycocon-
jugates have recently been achieved by using calorimetry, interferometry, mass 
spectrometry, solution scattering, and computational simulation, along with various 
crystallographic, microscopic, and spectroscopic techniques. These methods have 
been conjugated with biochemical and synthetic approaches. This book comprises 
13 chapters, each of which will introduce the current state-of-the-art biophysical 
approaches used to solve glycobiological questions with their cutting-edge applica-
tions. Therefore, the publication of this book would be timely and useful for gradu-
ate students and postdoctoral researchers who are potentially interested in the 
frontier topics in glycosciences, as well as for senior bioresearchers in academic and 
industrial fields aiming to get acquainted with glyco-issues.

Wako, Saitama, Japan� Yoshiki Yamaguchi
Okazaki, Aichi, Japan� Koichi Kato
June 15, 2018
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Chapter 1
Effects of N-Glycans on Glycoprotein 
Folding and Protein Dynamics

Yoko Amazaki, Hien Minh Nguyen, Ryo Okamoto, Yuta Maki, 
and Yasuhiro Kajihara

Abstract  This chapter describes the folding of synthetic homogeneous glycosyl-
polypeptides into glycoproteins depending on the position and number of glycosyl-
ation sites and oligosaccharide structures. To evaluate the role of oligosaccharides 
in protein folding, we synthesized small glycoprotein models, homogeneous mis-
folded glycoproteins, and erythropoietins. In addition to these chemical syntheses, 
this chapter introduces a unique method for 15N-labeling of synthetic glycoproteins 
to enable structural analysis. Based on experimental results, it can be suggested that 
N-glycans stabilize the structure of glycoproteins.

Keywords  Glycoprotein · Glycoprotein folding · Erythropoietin · Crambin · 
Ovomucoid · Fractalkine

1.1  �Introduction

Protein oligosaccharides are essential for a variety of biological processes such as 
acceleration of inflammation, cell-cell recognition, cytokine/antibody activation, 
and glycoprotein quality control in the endoplasmic reticulum (ER) (Aebi et  al. 
2010; Varki 2017; Hebert et al. 2010). Oligosaccharides can be found on the side 
chains of asparagine (N-linked type) and serine/threonine side chains (O-linked 
type). There are three types of N-linked type oligosaccharides: high-mannose con-
tent, hybrid, and complex-type oligosaccharides. High-mannose and complex-type 
sialyloligosaccharides, shown in Fig. 1.1A, have major effects on the glycoprotein-
folding process and on the bioactivity of secreted cytokines, respectively (Varki 
2017).

Y. Amazaki · R. Okamoto · Y. Maki · Y. Kajihara (*) 
Department of Chemistry, Osaka University, Toyonaka, Japan
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The synthesis of glycoproteins in mammalian cells commences with the produc-
tion of glycosylpolypeptides having high-mannose-type oligosaccharides 1–3 
(Fig. 1.1A). The oligosaccharide (G3 M9) 1, having three glucoses and nine man-
noses as a result of co-translational modification in the ER, attaches to polypeptides. 
Subsequent folding process is regulated by a glycoprotein quality control (GQC) 
system (Hebert et al. 2010; Aebi et al. 2010). After undergoing successful folding 

SCH3 SAcm

O

S

COOH

SR'

O

N
H

O
HS R

SCH3 SAcm

COOHSR'

O

+

Native Chemical Ligation 
(NCL)

N
H

O
R

radical desulfurization

H2N R"

HS

H2N R"

HS

H2N R"

HS

H2N R"

HS

H 2N R"

HS
OH

H2N R"

HS

H2N R"

NH-PG

HS

H2N R"

NH-PG

SH

N
H

R"

HS

Ala Val Val Phe

Thr

LeuLys Lys Pro

amino acid derivatives for peptide ligation site

1. deprotection
2. 2nd NCL
3. deprotection
4. folding

S

O

H2N

O

peptide-thioester

Glycopeptide-thioester

peptide
H2N

RHS

Met Cys
N
H

O

S

Met Cys

Met Cys

N
H

O

S

SCH3 SAcm

N
H

COOH

H2N H2N R''

HS

O

O

PG

H2N

HS

R''

N

N
H
NPG PG

PG

Asp Arg

COOHH2N

S

S S

S

Glycoprotein

B

A

C

high-mannose type complex type

1: R1 = Glc-α-1,2-Glc-α-1,3-Glc-α- (G3M9)
2: R1 = Glc-α- (G1M9)
3: R1 = H (M9)

4: R2 = α-sialic acid (sialyloligosaccharide)
5: R2 = H (asialooligosaccharide)

6 7

8

9

Correctly folded glycoprotein (native form)

Fig. 1.1  Glycan structure and synthetic strategy of glycoproteins. (A) Glycan structure. (B) Native 
chemical ligation (NCL) and synthetic strategy of glycoproteins (C) Cysteine surrogates for NCL

Y. Amazaki et al.



3

processes in the ER, glycoproteins having native protein structures are transported 
into the Golgi apparatus for modification of their mature oligosaccharide structures. 
In the Golgi apparatus, the glycoproteins with high-mannose-type oligosaccharides 
undergo further modification by several mannosidases and glycosyltransferases to 
form glycoproteins with complex-type sialyloligosaccharides 4 (Fig.  1.1A). 
However, misfolded glycoproteins accumulate in the ER and are released into the 
cytosol to be digested by the ER-associated degradation (ERAD) system (Hebert 
et al. 2010).

Because glycoproteins having native form are known to exhibit important bioac-
tivities, they are recognized as useful drugs (biologics). To produce biologics, it is 
essential to obtain glycoproteins with homogeneous oligosaccharides (Sinclair and 
Elliott 2005). Recent studies have demonstrated that glycoprotein drugs are more 
effective when prepared in mammalian cell-based expression systems than when 
prepared in bacterial protein expression systems, owing to the lack of glycosylation 
in the latter. A biosynthetic platform for pharmaceutical glycoprotein drugs bearing 
complex-type acidic sialyloligosaccharides 4 has been developed using Chinese 
hamster ovary (CHO) cells, which are potent in producing recombinant glycopro-
teins bearing mammalian-type oligosaccharides.

However, it is known that natural sialyloligosaccharides 4 exhibit considerable 
heterogeneity in terms of oligosaccharide branching, including di-, tri-, and tetra-
antennary structures (Park et al. 2009). Moreover, oligosaccharides lacking sialic 
acid can be found frequently. Thus, the functions of oligosaccharides remain unclear 
owing to differences in its structure and the insufficient purity of the glycoprotein 
drugs. To overcome these issues, it is essential to establish an effective methodology 
for synthesizing homogeneous glycoproteins in varying amounts.

Over the past two decades, numerous improvements have been made to peptide-
coupling reactions, allowing larger polypeptides to be obtained (Dawson et  al. 
1994). This development has enabled us to chemically synthesize glycoproteins 
more effectively, as shown in Fig. 1.1B. While the folding processes of glycopro-
teins after chemical synthesis are also interesting for illustrating protein behavior, 
the processes and yields are unpredictable when polypeptides have large 
oligosaccharides.

This chapter describes the difference in the folding processes of synthetic homo-
geneous glycosylpolypeptides into glycoproteins depending on the glycosylation 
position and oligosaccharide structures.

1.2  �Protocol for Synthesis of Glycoproteins

Figure 1.1B illustrates a general scheme for glycoprotein synthesis (Unverzagt and 
Kajihara 2013). Native chemical ligation (NCL) is a representative coupling reac-
tion between two peptides, one of which is a peptide-α-thioester 6 and the other is a 
peptide 7 bearing a cysteine at the N-terminal. The coupling reaction proceeds 
through a thiol-exchange reaction between the thioester and the cysteine thiol. 
Subsequent N-S intramolecular migration (8: Fig. 1.1B) yields a native amide bond. 

1  Effects of N-Glycans on Glycoprotein Folding and Protein Dynamics
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This coupling reaction enables us to synthesize large polypeptides containing more 
than 50 amino acids, overcoming the limited lengths achievable when synthesized 
by solid-phase peptide synthesis (SPPS).

However, this NCL method requires a cysteine at the ligation site. Therefore, it 
cannot be used on proteins without cysteine in their peptide backbones. To over-
come this problem, an alanine site was chosen as a ligation site because cysteine 
residues can be transformed into alanines by a desulfurization reaction after NCL 
(Fig.  1.1B). This ligation-desulfurization concept can be applied to other amino 
acids having alkyl side chains. Recent studies have shown that many amino acid 
derivatives can have a thiol at the β-position as a cysteine surrogate (Fig.  1.1C) 
(Unverzagt and Kajihara 2013).

For glycoprotein synthesis, the NCL method should be applied to a glycopeptide 
thioester 9 (Fig. 1.1B) and a polypeptide bearing a cysteine at the N-terminus. For 
the preparation of asparaginyl oligosaccharides, asparaginyl complex-type oligo-
saccharides (Kajihara et  al. 2004) and high-mannose-type oligosaccharides 
(Makimura et al. 2012) were isolated from egg yolk and used for SPPS. The folding 
processes of the glycosylpolypeptide thereby synthesized occur subsequently, form-
ing disulfide bonds under thermodynamically controlled conditions to acquire the 
correctly folded protein.

1.3  �Folding Protocol

The conventional protocol for glycoprotein folding demonstrated by Anfinsen is 
shown in Fig. 1.2 (Anfinsen 1973). This method is achieved by stepwise dialysis in 
the presence of redox reagents. The glycosylpolypeptides (0.3–0.01 mg/ml) are dis-
solved in a Tris-HCl buffer (100 mM, pH 7.5) containing 6–8 M guanidine-HCl 
(Gn-HCl), and the solution is incubated for 1 h. This solution is poured into a dialy-
sis tube (molecular weight cutoff at 8000 kDa, Spectra/Por) for dialysis against the 
first folding buffer (3.0 M Gn-HCl, 100 mM tris-HCl, pH 8.5) containing 4 mM 
cysteine and 0.5 mM cystine to create the redox system and incubated for 24 h at 
4 °C. This is followed by another 16 h of dialysis by replacing the external buffer 
with a second folding buffer solution (1.0 M Gn-HCl, 100 mM tris-HCl, pH 8.0). 
During this process, undesired disulfide bonds are cleaved by the reaction of cyste-
ine thiol. This process accelerates the re-formation of other disulfide bond patterns 
along with the refolding of the protein backbone. This reversible process finally 
yields native protein structures with correct disulfide bond patterns under thermody-
namic control (Fig. 1.2B). Next, the external buffer solution is replaced with a third 
folding buffer solution (10 mM tris-HCl, pH 7.0) to perform the final dialysis, which 
is conducted for 16 h.

Next, the folded glycoproteins are monitored and purified by RP-HPLC (reverse 
phase column with C4–16 types, 0.1% TFA: 0.1% TFA in 90% MeCN for gradient 
elution, 60:40 to 25:75 for 15–30  min). The yield and purity of the folded 
glycoproteins can be confirmed by high-performance liquid chromatography 
(HPLC) and electrospray ionization mass spectrometry (ESI-MS).

Y. Amazaki et al.
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To confirm the disulfide bond positions, the folded glycoprotein is first digested 
with trypsin or other peptidases. Then, the resulting peptide fragments are analyzed 
by HPLC-MS. To identify the inclusion of disulfide bonds in each peptide fragment, 
tris(2-carboxyethyl)phosphine (TCEP) treatment is performed for the reduction of 
disulfide bonds, and all peptide fragments are analyzed by HPLC-MS to compare 
their HPLC profiles before and after TCEP treatment.
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Fig. 1.2  Glycoprotein folding protocol (A) Reagents and conditions for glycoprotein folding (B) 
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This chapter also describes several experiments pursuing our interests in how 
oligosaccharide fluctuations on protein surfaces exert an influence on protein con-
formation and protein folding processes. From this prospect, our laboratory carried 
out research into the synthesis of several different glycoproteins having various gly-
cosylation positions. Our laboratory also investigated the effects of oligosaccharide 
fluctuation on β-sheet and α-helical structures.

1.4  �Folding Experiments with Small Glycoproteins

To evaluate oligosaccharide functions on protein folding, our laboratory selected 
glycosylated crambins and ovomucoid third domain to serve as small glycoprotein 
models, as shown in Figs. 1.3 and 1.4, respectively (Kajihara et al. 2012).

Crambin is a plant protein without oligosaccharides in its native form (Teeter 
et al. 1981). This protein consists of 46 amino acid residues, which is a suitably 
short length for a model glycoprotein. Therefore, we intentionally inserted asparagi-
nyl complex-type biantennary asialo-oligosaccharides (5: Figs. 1.1A and 1.3) into 
the β-sheet 10 and the α-helix 11, respectively. These syntheses of these peptides 
were implemented according to the synthetic protocol depicted in Fig. 1.1B.

Folding experiments involving two types of glycosylpolypeptides corresponding 
to crambins 10 and 11 were performed under the cysteine-cystine redox conditions 
employing 3 M guanidine-HCl. Multiple peaks were observed on HPLC profiles 
during the folding process due to protein denaturation, which merged into one main 
peak within 1 h (Fig. 1.3B). Mass spectroscopic analysis revealed the formation of 
three disulfide bonds in glycosylated crambins 10 and 11 (Fig. 1.3B e and h).

Ovomucoid 17 (Fig. 1.4B), which consists of 56 amino acid residues and bears 
an oligosaccharide at position 28 in its native form (Fig. 1.4C) (Tirado-Rives and 
Jorgensen 1990), was also chosen as a model glycoprotein. The glycosylpolypep-
tides were synthesized by segment coupling of 14–16 by NCL as shown in Fig. 1.1B. 
Although the native glycopeptide has a hybrid-type oligosaccharide at Asn28 
(Yamashita et al. 1983) located on the loop between the antiparallel β-sheets, it was 
substituted with the complex-type 5 in these experiments.

Figure 1.4 shows folding experiments with the non-glycosylated form 17 and 
glycosylated ovomucoid 18. The folding experiments were performed under 
cysteine-cystine redox conditions employing 3 M Gn-HCl. Different to the folding 
process of crambins (Fig. 1.3B), both glycosylated and non-glycosylated polypep-
tide chains exhibited multiple peaks on HPLC profiles. Extensive studies performed 
under various folding conditions, however, resulted in the same pattern of multiple 
peaks.

While evaluating the outcome of non-glycosylated ovomucoid 17 (Fig.  1.4B 
a–e), only broad peaks were observed on HPLC profiles after 24 h of folding experi-
ments, although there was still a main peak, which also exhibited a broad profile. 
This main peak was purified using reverse phase HPLC. The ESI mass data indi-
cated the formation of three disulfide bonds (Fig. 1.4F).
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7

The folding experiments involving the glycosylated ovomucoid 18 having a 
complex-type oligosaccharide also showed multiple HPLC peaks (Fig. 1.4C, j). All 
peaks were isolated and subsequently evaluated to find the correctly folded glyco-
sylated ovomucoid 18. The main peak was revealed as the target product (Fig. 1.4C, 
k) from the ESI mass data (Fig. 1.4C, n), disulfide bond mapping, and the protease 
inhibitory activity (inhibition of chymotrypsin catalytic activity: IC 50 = 10 nM).
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However, the folding results were not reproducible. Extensive studies performed 
under various folding conditions resulted in the same pattern of multiple peaks. In 
some experiments, the number of multiple products reduced, and these showed 
good HPLC profiles (Fig. 1.4C, l, m). Uniform conditions should be rigorously set 
in order to maintain the reproducibility of the desired folding processes.
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As shown in Figs. 1.3 and 1.4, three types of small glycoproteins showed differ-
ent folding patterns depending on their glycosylation positions. In the usual cases of 
protein folding, several peaks were observed on HPLC profiles as denaturation 
occurred initially, but these multiple peaks easily converged into a single main peak 
within an hour. In the case of glycosylated ovomucoid 18, a rather low folding yield 
was obtained when compared with non-glycosylated ovomucoid 17 (Fig. 1.4). The 
experimental folding results changed, depending on the experimental conditions 
and due to the formation of antiparallel β-sheets under the influence of the oligosac-
charide, although both glycosylated and non-glycosylated ovomucoids were stable 
in the solution after purification.

1.5  �Intentional Synthesis of Homogeneous Misfolded 
Glycoproteins

Next, our laboratory focused on glycoproteins that have stable misfolded structures 
in solution. In the biosynthesis of glycoproteins, sequential protein folding occurs 
in the ER, generating folding intermediates in various conformational states (Aebi 
et al. 2010). To study the process of folding in the ER, it is necessary to synthesize 
homogeneous glycoproteins in both correctly folded and misfolded forms. A trial 
for the successful synthesis of stable misfolded glycoproteins, which have a single 
protein conformation, was performed for the first time. The substrate specificity of 
several enzymes used in the GQC system in the ER was successfully demonstrated 
using the synthesized misfolded glycoproteins 20–23 (Izumi et al. 2012).

For the preparation of misfolded glycoproteins, the scaffold of interleukin 8 (IL-
8) was selected as the model glycopeptide. Native IL-8 consists of 72 amino acids, 
with two disulfide bonds between Cys7-Cys34 and Cys9-Cys50 (Baldwin et  al. 
1991). These two disulfide bonds were shuffled to prepare intentionally misfolded 
proteins. In terms of intentional glycosylation, the M9 high-mannose-type oligosac-
charide 3 (Fig. 1.1A) was inserted at Asn36 (Fig. 1.5A), which is located on the loop 
between two antiparallel β-sheets.

Next, folding process of the synthesized glycosylated IL-8 polypeptide 19 was 
analyzed. To obtain a correctly folded glycosylated IL-8, the oxidative folding pro-
cess was examined with the full-length IL-8 glycopeptide under redox conditions 
(1 mM cysteine and 0.05 mM cystine). The progress of the reaction was carefully 
monitored using RP-HPLC (Fig. 1.5). Several peaks, which were observed at the 
early stages showing folding intermediates, converged into a main single product 
after 2 h (Fig. 1.5B). This major product 20 was confirmed to be the native form of 
IL-8, containing disulfide bonds between Cys7-Cys34 and Cys9-Cys50. The exis-
tence of the disulfide bonds was confirmed by disulfide mapping experiments, 
including peptidase digestion and subsequent MS/MS analysis.

1  Effects of N-Glycans on Glycoprotein Folding and Protein Dynamics
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To acquire misfolded glycopeptides, the oxidative folding of 19 was performed 
in the absence of cysteine and cystine. Because the disulfide bonds were not cleaved 
in the absence of cysteine, misfolded protein structures with incorrect disulfide 
bond formation accumulated under the kinetic control processes. After conducting 
4 h of folding reactions, four derivatives appeared. Each peak was determined to be 
20 (native form), 21 (structure having disulfide bonds between Cys7- Cys50, Cys9-
Cys34), 22 (Cys7-Cys9, Cys34-Cys50), and 23, respectively. The mass spectrum of 
structure 23 indicated it to be a homodimer. The dimeric misfolded glycoprotein 
had two intermolecular disulfide linkages between Cys7 and Cys9 of two IL-8 poly-
peptides, as well as an intramolecular disulfide bond between Cys34 and Cys50. 
These experimental data demonstrated that the synthesis of homogeneous misfolded 
glycoproteins could be carried out under kinetic folding conditions (Izumi et  al. 
2012; Dedola et al. 2014).
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1.6  �Folding of Larger Glycoproteins

With knowledge of small glycoprotein folding, our research shifted to larger mole-
cules (Murakami et al. 2012). Erythropoietin (EPO), which consists of 166 amino 
acid residues, is known as a cytokine that stimulates the production of red blood 
cells. EPO has four sialyloligosaccharides, three of which are N-linked types, 
located at residues Asn24, Asn38, and Asn83. The structures of these sialyloligosac-
charides vary from bi- to tetra-antennary forms. These changes in the structure have 
great effects on EPO activities, because the structural changes interfere with glo-
merular filtration and galactose-binding lectin interactions, which extend EPO’s 
half-life in blood, and ultimately result in the enhancement of its biological activity. 
The fourth sialyloligosaccharide exists at Ser126 and consists of three to four sug-
ars. This short sialyloligosaccharide does not have any effect on the biological activ-
ity of EPO.

To understand the effects of oligosaccharides on the folding processes of EPO 
and bioactivity, five variants of EPO with different glycoforms were synthesized, 
with each having different glycosylation numbers and positions (Fig.  1.6A) 
(Murakami et al. 2016). The EPO polypeptide chain was divided into six segments. 
Using NCL, all segments were coupled to obtain the full-length glycopolypeptides 
(Fig. 1.1B).

The folding conditions were then optimized, and the folding processes (Fig. 1.6B) 
were traced using SDS-polyacrylamide gel electrophoresis (SDS-PAGE: Fig. 1.6C), 
ESI-MS, and combined with trypsin digestion and MS/MS analysis. The Gn-HCl 
(8 M) solution for denaturing all the sialylglycopolypeptides was gradually diluted 
in the presence of cysteine-cystine redox reagents.

The disulfide bond formation in EPO glycosylpolypeptide 29 bearing two sialy-
loligosaccharides at positions Asn24 and Asn83 was monitored using LC-MS/MS 
analysis after peptidase digestion. Disulfide bond formation 30 was observed 
between residues Cys29 and Cys33, when the concentration of Gn-HCl in the fold-
ing buffer solution was changed from 8 M to 3 M (Fig. 1.6B, C). However, when the 
Gn-HCl concentration was subsequently reduced to 1 M, both oligomeric misfolded 
EPO and correctly folded EPO (Fig. 1.6B, C) were generated. Therefore, the diluted 
condition in which the initial concentration of the glycopolypeptides was set at 
0.01  mg/ml was used to avoid the formation of oligomeric misfolded structures 
(Fig. 1.6D). This condition successfully achieved correctly folded EPO glycoforms 
in good yields and minimized protein aggregation.

Notably, the yields of EPO folding were found to be different depending on the 
number of sialyloligosaccharides and glycosylation positions (Fig. 1.6D) (Murakami 
et al. 2016). EPON38, N83 25 showed the highest yield (90%), whereas EPO lack-
ing the sialyloligosaccharide at Asn38 had relatively lower folding yields with a 
considerable quantity of misfolded products. These results suggested that the sialy-
loligosaccharide at asparagine 38 might be important for generating folding inter-
mediates in an appropriate folding route or for preventing aggregation.

1  Effects of N-Glycans on Glycoprotein Folding and Protein Dynamics
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1.7  �Glycoprotein Dynamics

NMR analysis is useful for studying how glycosylation affects protein conforma-
tion and protein dynamics. However, the preparation of homogeneous glycoproteins 
for NMR studies was difficult, and there was no method to insert 15N atoms into 
homogeneous synthetic glycoproteins.

Therefore, our laboratory has studied a novel and efficient 15N isotope-labeling 
method for the synthesis of 15N-labeled glycoproteins as probes for NMR experi-
ments (Nguyen et al. 2017). This method that we established is termed “specific and 
gradient 15N isotope (SGI) labeling,” as it can arrange the insertion of 15N-enriched 
amino acids at any position in the target glycoprotein during solid-phase peptide 
synthesis and varying the enrichment of 15N-stable isotope atoms. Using this method 
enables us to discriminate the same types of amino acids by using the difference in 
intensities of 1H-15N HSQC signals caused by the varied enrichment of 15N-atoms 
on the peptide backbone. The relevant concepts have been reported for the analyses 
of nucleic acid and non-glycosylated proteins (Yabuki et al. 1998; Phan and Patel 
2002; Kasai et al. 2015). The resulting assignments can also be verified by means of 
the classic homonuclear TOCSY and NOESY methods developed by Wuthrich 
(Wuthrich 1986).

Our laboratory selected the chemical domain of fractalkine (CDF) as a glycopro-
tein model (Bazan et al. 1997). CDF is a member of the chemokine family, with 
Asn9 as its N-glycosylation site in mammalian cells. CDF also has a unique consen-
sus sequence (Asn-Ile-Thr) between two cysteines (Cys8-Asn9-Ile10-Thr11-Cys12: 
Fig. 1.7 A) (Mizoue et al. 1999; Hoover et al. 2000). However, the effect of glyco-
sylation on CDF is still unclear.

Before the synthesis of 15N-labeled glycosyl CDF, the synthesis of CDF with a 
complex-type oligosaccharide and in its non-glycosylated form was performed to 
evaluate whether glycosylation changes conformational properties of the protein. 
The synthesis employed the same synthetic protocol shown in Fig. 1.1B.

1H-15N HSQC measurements of synthetic non-glycosylated CDF and glycosyl-
ated CDF were performed in order to examine the effects of oligosaccharides on 
protein conformation (15N natural abundance samples, Fig.  1.7D). The 1H-15N 
HSQC spectrum of synthetic non-glycosylated CDF showed the same signal pat-
terns when compared with the previous reports of CDF using E. coli expression 
(Mizoue et  al. 1999). The comparison of 1H-15N HSQC signal patterns of non-
glycosylated and glycosylated CDF showed mostly the same signal patterns 
(Fig.  1.7D; red, glycosylated, and black, non-glycosylated). These data clearly 
showed that glycosylation did not have an effect on the formation of the CDF 
structures.

However, the slight differences in the chemical shifts indicated slight changes 
in  local protein conformation. CDF has a unique amino acid sequence of Cys8-
Asn9-Ile10-Thr11-Cys12 around its glycosylation site, which forms a bulged loop 
sustained by two disulfide bonds between Cys8–34 and Cys12–50 (Fig. 1.7B, C). 
Analyses regarding how glycosylation affects local protein dynamics and stability 
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were examined using the SGI-labeling method. The 15N-labeled CDF polypeptides 
that were synthesized had either a high-mannose-type oligosaccharide 3 or a 
complex-type 5 (Fig. 1.1A). They were synthesized by SPPS and NCL to be used as 
probes for analyzing the effects of oligosaccharides on protein behavior.

To determine the position at which the glycoprotein amino acids should be 
labeled with 15N-atoms, the glycoprotein’s conformational properties were taken 
into account. The conformational properties of non-glycosylated CDF indicated 
that hydrophobic interactions between Ile10 and Leu48 in the bulged loop sustained 
the local structure (Fig. 1.7B). Therefore, Ile10, Leu48, and Ile40, incorporating 15N 
atoms, were installed to analyze their dynamics. In this synthesis, Ala22 and Leu23 
at the rear side of a hydrophobic loop were also labeled with 15N atoms. Even though 

Fig. 1.7  Analyses of glycoprotein dynamics by means of 15N-labeled glycoproteins. (A) Structure 
of CDF. (B) (C) The positions of amino acids labeled with 15N atom. (D) Superimposed HSQC 
spectra of glycosylated and non-glycosylated CDF. (E)-(J) Superimposed HSQC spectra of 15N 
labeled non-glycosylated CDF, CDF having high-mannose type and complex type glycan. (K) T1 
values of amino acids of CDFs

Y. Amazaki et al.
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Ala22 and Leu23, which form a short and single-turn 310 helix (Fig. 1.7C), are not 
close to the glycosylation site, this type of structure may be important for stabilizing 
the antiparallel sheets (Fig. 1.7 B: purple color) and the bulged loop (Fig. 1.7B red 
color) due to the hydrogen bond network. In addition to these, the N-loop conforma-
tion (Fig. 1.7C: residues N9-I19) involving the large bulged loop Cys8-Asn9-Ile10-
Thr11-Cys12 was considered to contribute to the specific chemokine structure.

According to those considerations, 15N-labeled amino acids were inserted during 
the chemical synthesis of glycosylated and non-glycosylated CDFs. The concentra-
tions of 15N atoms were varied as follows: Leu23 (2%), Leu41 (10%), and Leu48 
(20%), respectively. Amino acids adjacent to the labeled leucine were also labeled 
with 15N atoms (Ala22: 10%, Ile40: 5%, and Phe49: 10%). 15N-Labeling of Ile10 in 
the bulged loop was 20% (Fig. 1.7B, C) (Minh Hien et al. 2017).

After the synthesis and folding experiments involving 15N-labeled non-
glycosylated and glycosyl CDFs having complex-type and high-mannose-type, 1H-
15N HSQC spectra were measured. The superimposed HSQC spectra of synthetic 
15N-labeled CDF (Fig. 1.7F-J) showed that glycosylation with complex-type and 
high-mannose-type oligosaccharides did not change their chemical shifts, suggest-
ing that glycosylation did not cause conformational changes in the protein.

In addition to these analyses, T1 values were estimated to evaluate the flexibility 
of the glycoproteins (Fig. 1.7 K). The measurement of T1 (15N) in labeled amino 
acids was performed with a standard inversion recovery method using the pseudo 
3D 1H-15N HSQC method (Farrow et al. 1994). The T1 values observed were almost 
the same among glycoproteins and non-glycosylated proteins. However, T1 values 
for Ile40 and Leu23 of the glycoproteins were weak in comparison to their non-
glycosylated counterparts. It was hypothesized that the dynamics of Ile40 and 
Leu23 may be retarded or hindered by glycosylation.

In addition to NMR analyses, temperature-dependent CD measurements were 
implemented. The data revealed remarkable differences between non-glycosylated 
CDF and glycosylated CDF bearing either a complex-type or a high-mannose-type 
oligosaccharide (Fig. 1.8). CD profiles for the non-glycosylated CDF and its glyco-
forms at 298  K were similar, although when the temperature increased, the CD 
spectra of non-glycosylated CDF revealed altered absorption at 200–230 nm, indi-
cating a decrease in α-helical patterns.

Glycosylated CDFs did not display such CD spectra changes, and this result 
indicated that glycosylated CDFs are more thermally stable than non-glycosylated 
CDFs. As shown in Fig. 1.8, the CD spectra of glycosylated CDFs depended on the 
temperature: there was a slight change when the temperature was increased 
(Fig. 1.8A–C), but this reverted to the original CD spectra when the temperature 
was decreased (black line in Fig. 1.8B vs 8E; 8C vs 8F). These data clearly indicated 
that thermal denaturation of glycosylated CDFs is reversible, whereas non-
glycosylated CDF did not return to its original CD profile after the temperature was 
decreased (black line: Fig. 1.8A vs 8D).

These CD experiments (Fig. 1.8A–F) suggest that oligosaccharides may inhibit 
fluctuations in protein structure. In other words, they may stabilize protein structure. 
This phenomenon may correspond with the changes in signal intensities observed 
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from the measurement of T1 values involving Leu23 and Ile40 (Fig. 1.7). Because 
these analyses were implemented at a small number of selected positions in the 
15N-labeled peptide backbone, it is important to note that the dynamics of other 
local positions are unknown. However, the conformational properties of the total 
protein are unlikely to be affected by glycosylation, based on the 1H-15N HSQC 
spectra.

1.8  �Discussion

Proteins bearing homogeneous oligosaccharides have always been essential in 
understanding the function of oligosaccharides in protein folding and dynamics. 
Although biosynthetic methods can introduce an N-glycan at any position in the 
protein backbone by the insertion of an Asn-X-Ser/Thr sequence, this method also 
results in heterogeneous oligosaccharides (Martin et al. 1995). However, chemical 
synthesis can insert N-glycans at desired positions without needing to insert specific 
sequences, which is useful for experiments seeking to understand the function of 
N-glycans (Unverzagt and Kajihara 2013).

In the experiments involving small glycoprotein folding, the folding processes 
were not disturbed by the presence of oligosaccharides. However, EPO showed dif-
ferent folding yields depending on the number and location of glycosylations. 

190 200 210 220 230 240 250 260 270
(nm)

190 200 210 220 230 240 250 260 270
(nm)

190 200 210 220 230 240 250 260 270
(nm)

190 200 210 220 230 240 250 260
(nm)

190 200 210 220 230 240 250 260 270
(nm)

190 200 210 220 230 240 250 260 270
(nm)

θ
( 

x 
10

3  
de

g 
cm

2  
dm

ol
 -1

)
θ

( 
x 

10
3  

de
g 

cm
2  

dm
ol

 -1
)

318 K

358 K

298 K

318 K

358 K

298 K

318 K

358 K

298 K

318 K

298 K

358 K

318 K

298 K

358 K

318 K

298 K

358 K

A B C

D E F

   40

   40

   0

  - 20

  - 40

   - 60

   40

   40

   0

  - 20

  - 40

   - 60

   40

   40

   0

  - 20

  - 40

   - 60

  20

    0

  - 20

  - 40

  - 60

  - 80

  20

    0

  - 20

  - 40

  20

    0

  - 20

  - 40

  - 60
  - 100

Non-glycosylated CDF Complex type CDF High-mannose type CDF

heatingheatingheating

cooling

cooling

cooling cooling

Fig. 1.8  Circular Dichroism (CD) spectra depending on temperature. (A)-(C) Heating from 298K 
to 358 K. (D)-(F) Cooling from 358 K to 298 K

Y. Amazaki et al.



17

Furthermore, for EPO, which has hydrophobic surfaces that cause protein 
aggregation by hydrophobic interactions, oligosaccharides are seen to be suppress-
ing such phenomena during protein folding. As mentioned earlier in this chapter, 
synthetic glycoproteins are able to undergo optimal protein folding processes and 
finally yield their native protein forms.

According to glycoprotein-folding experiments, the folding of glycoproteins 
having helical structures seems to be more feasible than the folding of glycoproteins 
having multiple β-strands. The glycosylpolypeptide backbone forms α-helical 
structures faster than forming globular structures. The hydrophobic surfaces of indi-
vidual helices undergo specific interactions to form globular protein structures, and 
these processes support the formation of correct disulfide bonds.

The results of CD experiments involving CDFs subjected to various tempera-
tures showed that, although oligosaccharides disturbed protein dynamic flexibility, 
this effect might suppress the formation of undesired misfolding or protein aggrega-
tion. This result indicated that oligosaccharides act as obstacles for proteins to 
behave freely, which can reduce undesired aggregation and irreversible 
misfolding.

As shown in the CD spectra, the glycosylation of CDF might reduce molecular 
motion, which may affect the bioactivity of the CDF chemokine group. The reason 
for this is the lower chemotactic activity that was observed in the case of glycosyl-
ated chemokine CCL-1, compared with non-glycosylated CCL-1(Okamoto et  al. 
2014a, b). The oligosaccharide structure of the active CDF is unclear, but N-glycans 
may exert effects on the biological activity.

In addition to our experiments, several groups have reported interesting discus-
sions with sophisticated experimental procedures. Although the glycoproteins 
employed in our experiments had several disulfide bonds, which stabilized protein 
structures, other experiments used glycoproteins having no disulfide bonds. 
Therefore, their protein structures were stabilized by protein interactions and hydro-
gen bond networks. Those experiments reported clearly demonstrated the effects of 
glycosylation to stabilize protein structures (Price et al. 2011; Culyba et al. 2011; 
Hackenberger et al. 2005; Huang et al. 2017).

Based on these results and those of our experiments, it can be suggested that 
N-glycans stabilize the structure of glycoproteins.
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Chapter 2
Synthesis of Glycosylated Metal Complexes 
for Probing Carbohydrate-Carbohydrate 
Interactions

Teruaki Hasegawa

Abstract  Densely packed carbohydrate clusters on cell surfaces play essential 
roles in varieties of bioprocesses. Little information has been, however, accumu-
lated so far concerning their structural/functional details. In this chapter, we discuss 
artificial systems to investigate carbohydrate-carbohydrate interactions within/
between the carbohydrate cluster(s). Among such artificial systems, much attention 
will be especially placed on glycosylated tris-bipyridine ferrous complexes for 
monitoring not only carbohydrate-carbohydrate interactions within the glycocluster 
but also their resultant conformational changes.

Keywords  Carbohydrate-carbohydrate interactions · Tris-bipyridine ferrous 
complex · Dynamic combinatorial library · Circular dichroism

2.1  �Carbohydrate-Carbohydrate Interactions

Glycosphingolipids (GSL) are naturally occurring amphiphiles having hydrophilic 
carbohydrate heads and hydrophobic ceramide (Cer) tails, and they form one of 
major components of cell membranes (Fig.  2.1) (Prinetti et  al. 2009). In these 
decades, many organic chemists and biochemists have launched their increasing 
research effort to structural/functional analyses on GSL to find their critical roles in 
varieties of bioprocesses (e.g., fertilizations, differentiations, and cell-cell adhe-
sions). It has been widely believed that their carbohydrate heads function as specific 
ligands for carbohydrate binding proteins, such as lectins, and these carbohydrate-
protein interactions are main driving forces to mediate these bioprocesses. Although 
this is still common understanding in biochemistry, increasing interest has been 
placed on carbohydrate-carbohydrate interactions (CCI). In these newly recognized 
binding events, the carbohydrate heads of GSL interact with each other in specific 
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and cation-dependent manners. In detail, GSL in cell membranes laterally aggregate 
to form GSL-enriched microdomains presenting densely packed carbohydrate clus-
ters (glycoclusters) on their surfaces (Fig. 2.2a, left). In addition to hydrogen bond-
ings between amides in the ceramide tails, side-by-side interactions between the 
carbohydrate heads are main deriving forces to construct the microdomains. The 
interactions between the carbohydrate heads can be defined as cis-CCI.  Herein, 
please be notified that cis-CCI does not mean parallel packings of two carbohy-
drates. On the contrary, varieties of carbohydrate packings (parallel, antiparallel, 
cross-shape, etc.) are conceivable in cis-CCI, depending on conformations of GSL 
in the cell membranes (Fig. 2.2a, right).

Investigation on cis-CCI is of great importance since it is a key factor to rational-
ize selective aggregations of certain GSL in cell membranes and the resultant micro-
domains with unique GSL compositions. In addition to cis-CCI at the same cell 
surface, intercellular CCI (trans-CCI) are also important research targets. For exam-
ple, the GSL-enriched microdomains formed through the lateral aggregation inter-
act with other GSL-enriched microdomains from adjacent cells in face-to-face 
manners through trans-CCI between the glycoclusters (Fig. 2.2b, left). Note again 
that trans-CCI also does not mean antiparallel packings of two carbohydrates. On 
the contrary, various carbohydrate packings are also conceivable in trans-CCI 
(Fig. 2.2b, right). It is now widely recognized that, although trans-CCI are relatively 
weak, they function as the first adhesive forces to initiate cell-cell adhesions those 
are then reinforced by strong carbohydrate-protein and protein-protein 
interactions.

Fig. 2.1  Structures of some GSL in cell membrane to induce CCI
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The investigation on cis/trans-CCI has just started, but some excellent works 
demonstrated critical roles of trans-CCI in various bioprocesses in multicellular 
organisms. For example, binding of rainbow trout sperm to its egg is initiated by 
trans-CCI between (KDN)GM3 on the sperm and Gg3 on the egg (See Fig. 2.1 for 
their structural details) (Yu et al. 2002). In addition, LeX in mouse embryo interacts 
with each other in intercellular fashions, and these LeX-LeX interactions are respon-
sible for compaction of the embryos at their morula stage (Eggens et  al. 1989). 
These two examples demonstrate critical roles of CCI in fundamental bioprocesses 
(fertilizations and differentiations) in multicellular organisms. In this respect, inves-
tigation on CCI has high academic values since it gives essential information for 
deep understanding of these bioprocesses.

Investigation on CCI also has great impact on medicinal/pharmaceutical industry 
since CCI also participate in many diseases triggered by unfavorable cell-cell adhe-
sions. For example, trans-CCI between GM3 and Gg3 as well as GM3 and LacCer 
are both responsible for adhesion between tumor cells and endothelial cells that is 
the very first step for the cancer metastases (Handa and Hakomori 2012). This fact 
suggests that investigation on CCI should offer essential information to design new 
drugs for preventing these diseases. In spite of such importance, little progress has 
been achieved in CCI chemistry, suffering from heterogenic and fluidic nature of 
cell membrane, highly diverse carbohydrate structures of GSL, and dynamic fluc-
tuation of GSL levels in cell membranes. Weakness of CCI between two isolated 
carbohydrates also makes the investigations quite difficult. Suffering from all these 
difficulties, only few combinations of GSL (e.g., LeX-LeX, GM3-Gg3, and GM3-

Fig. 2.2  Lateral aggregation of GSL in cell membranes to form the GSL-enriched microdomains 
(a) and the interfacial adhesions between such GSL-enriched microdomains (b)

2  Synthesis of Glycosylated Metal Complexes for Probing…
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LacCer) have been discovered so far to induce specific CCI. Considering the highly 
diverse carbohydrate structures of GSL, it is, however, quite reasonable to believe 
that many CCI still remain undiscovered in nature. In addition, although it is widely 
recognized that some cations are essential for CCI, detailed mechanism of these 
cations to induce CCI is still unclear. Finally, it should be emphasized herein that 
entirely no information has been obtained concerning the carbohydrate packings to 
induce CCI.

2.2  �Artificial Systems for Probing CCI

Artificial systems are quite useful to avoid the aforementioned difficulties and to 
access molecular-level information on CCI. So far various artificial systems have 
been developed for probing CCI, and these systems can be divided into two catego-
ries, that is, intermolecular and intramolecular systems.

2.2.1  �Intermolecular Systems

The intermolecular systems are relatively large glycoclusters based on inorganic/
organic molecular templates (nanoparticles (de la Fuente et al. 2005; Reynolds et al. 
2006; Zhao et al. 2012; Lorenz et al. 2012; Lai et al. 2016), micelles (Jayaraman 
et al. 2013), liposomes (Jayaraman et al. 2013; Pincet et al. 2001), linear polymers 
(Matsuura and Kobayashi 2004; Matsuura et al. 2004; Chen et al. 2010), dendrimers 
(Seah et al. 2009), etc.), and associations of these glycoclusters are monitored to 
evaluate CCI. Since their associations are usually accompanied by large entropic 
loss, huge numbers of carbohydrates and the multivalent CCI are essential to induce 
their associations. These intermolecular artificial systems well mimic the cell-cell 
adhesions in nature and give decisive information concerning carbohydrate and ion 
specificities to induce CCI. No information can be, however, obtained for carbohy-
drate-ion stoichiometries and carbohydrate packings to induce CCI.

2.2.1.1  �Glycosylated Nanoparticles

The most well-known intermolecular system is gold nanoparticles (AuNP) present-
ing terminal trisaccharides of LeX (LeX

3-AuNP) (de la Fuente et al. 2005). Their 
transmission electron microscopic (TEM) observations in the presence of various 
cations showed selective aggregation of LeX

3-AuNP in the presence of Ca2+. The 
Ca2+-induced aggregation of LeX

3-AuNP was also confirmed through atomic force 
microscopic (AFM) observations and isothermal calorimetric (ITC) measurements. 
On the other hand, under the same condition, no aggregation was observed for 
AuNP presenting multiple Lac units (Lac-AuNP), showing stronger LeX-LeX 
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interaction than Lac-Lac one. It should be noted that, although Lac-Lac interaction 
is weaker than LeX-LeX one, the former is strong enough to induced aggregation of 
Lac-AuNP under certain conditions. In fact, D. A. Russell et al. carried out similar 
TEM observations using AuNP having multiple glucosides (Glc-AuNP) as a nega-
tive reference to find that Lac-AuNP also selectively aggregated on the additions of 
Ca2+ (Reynolds et al. 2006). Combining these two results, it is clear that Lac-Lac 
interaction is weaker than LeX-LeX one, but it is stronger than Glc-Glc one (Glc-
Glc  <  < Lac-Lac < LeX-LeX). Again, these AuNP-based intermolecular systems 
offered decisive information concerning the relative strengths of the CCI and their 
cation-specificity. No information was, however, supplied concerning the carbohy-
drate-cation stoichiometries and the carbohydrate packings.

Silica nanoparticles (SiNP) carrying multiple carbohydrates were also developed 
for probing CCI.  For example, SiNP having multiple 3′-sulfated-galactosides 
(3′SGal-SiNP) was prepared, and their bindings onto cell surfaces were directly 
visualized. Briefly, in this work, fluorescein isothiocyanate (FITC)-labeled SiNP 
were prepared and then treated with azide-terminated trimethoxysilane derivatives 
to afford azide-functionalized fluorescent SiNP.  The subsequent Cu+-mediated 
alkyne-azide cycloaddition (CuAAC) with alkyne-terminated 3′SGal gave 3SGal-
SiNP (Zhao et al. 2012). Selective associations of 3′SGal-SiNP onto oligodendro-
cytes were successfully visualized through fluorescence microscopic observations. 
Recently, SiNP carrying fluorescent dyes and Gg3 trisaccharides (Gg3-SiNP) was 
also prepared, and their specific bindings onto GM3-immobilized Au plates were 
monitored through surface plasmon resonance (SPR) measurements (Lai et  al. 
2016). Bindings of Gg3-SiNP onto B16F10 melanoma cells were also visualized in 
this work through fluorescence microscopic observations.

2.2.1.2  �Glycosylated Micelles, Liposomes, Linear Polymers, 
and Dendrimers

In addition to these inorganic nanoparticles (AuNP and SiNP), organic templates 
were also utilized, and micelles (Jayaraman et al. 2013), liposomes (Pincet et al. 
2001), linear polymers (Matsuura and Kobayashi 2004; Matsuura et al. 2004; Chen 
et al. 2010), and dendrimers (Chen et al. 2010) having multiple carbohydrates have 
been so far prepared as the intermolecular systems. For example, interactions 
between linear polymers having Gg3 trisaccharides (Gg3-polymer) and GM3 
monolayers at air-water interface were monitored through π-A isotherms (Matsuura 
and Kobayashi 2004). In the same paper, SPR measurements were also conducted 
for probing CCI between the Gg3-polymers and GM3-immobilized Au surfaces. 
The π-A isotherm-based strategy was also accepted to detect CCI between den-
drimers having Lac appendages and GM3 monolayers at air-water interface (Seah 
et al. 2009).

2  Synthesis of Glycosylated Metal Complexes for Probing…
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2.2.2  �Intramolecular Systems

Most artificial systems so far reported are categorized as the intermolecular sys-
tems, and they are designed for probing CCI through the intermolecular associa-
tions. Their huge numbers of carbohydrates are, however, major impediments to 
access molecular-level information on CCI (carbohydrate-cation stoichiometries, 
carbohydrate packings, etc.). On the contrary, in the intramolecular systems, few 
carbohydrates are linked together with appropriate spacers to minimize entropic 
loss on their intramolecular associations, and their CCI-induced conformational 
changes are monitored to evaluate CCI. Numbers of carbohydrates to induce CCI 
can be greatly reduced in the intramolecular systems, and therefore, the molecular-
level information can be readily obtained. For example, Schmidt et al. prepared two 
LeX

3 units linked together through a methylene glycol spacer (-OCH2O-) to monitor 
their cation-induced conformational changes through 2D NMR measurements 
(Gege et  al. 2002). Through these experiments, they found binding of this LeX

3 
dimer with Ca2+ and the resultant cross-shaped LeX

3 packing.
This artificial system reported by Schmidt et al. is the first example of the intra-

molecular system showing the great advantage of the intramolecular systems for 
obtaining the molecular-level information (e.g., the Ca2+-induced cross-shaped 
packing of LeX

3). This Schmidt’s system, however, requires specialized 2D NMR 
knowledge/technique for the conformational analysis. After this Schmidt’s work, 
other research groups also developed intramolecular systems for probing CCI. In 
these systems, the spacers tethering the carbohydrates are circular dichroic (CD) 
active, and their CCI-induced conformational changes are readily monitored through 
their CD spectral measurements. With the best of my knowledge, two types of such 
intramolecular systems can be found in literature, that is, glycosylated peptides and 
glycosylated metal complexes. Before we start our discussion on the glycosylated 
metal complexes as a main topic of this chapter, we firstly focus our attention on the 
glycosylated peptides in the next section.

2.2.2.1  �Glycosylated Peptides

The first glycosylated peptide for probing CCI was developed by the author with 
T. Sasaki (Hasegawa and Sasaki T 2003). In this work, an α-helical peptide with 19 
residues containing 7 O-lactosylated Ser at (i) and (i + 3) or (i) and (i + 4) positions 
was developed to present a heptavalent Lac cluster on one side of its α-helical struc-
ture. Since lateral Lac-Lac interactions affect stability of the α-helix, intramolecular 
CCI can be readily probed through CD spectral analysis. In fact, Ca2+-induced con-
formational change of this glycopeptide was detected, showing Ca2+-induced Lac-
Lac interaction. Similar peptide-based intramolecular system was also reported by 
T. Gallagher et al. to investigate intramolecular LeX

3-LeX
3 interactions (Altamore 

et al. 2011). This research group also developed cyclopentyl/pyrrolidine foldamers 
with helical conformation presenting a trivalent Gal cluster on one side of its helical 
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structure (Simpson et al. 2006). Intramolecular Gal-Gal interaction in this system 
was again investigated through CD spectral analysis.

2.2.3  �Glycosylated Metal Complexes

In the peptide-based systems, their peptide main chains act not only as templates to 
construct well-defined glycoclusters but also as chromophores to monitor the CCI-
mediated conformational changes. Especially, their helical architectures and helix-
coil transitions are essential for them for probing CCI. In addition to the peptide-based 
systems, glycosylated metal complexes are also useful as intramolecular systems 
for probing CCI. In the latter systems, their unique structural/spectroscopic proper-
ties are also advantageous for probing CCI (See below for details).

2.2.3.1  �Glycosylated μ-Oxo-bis-[5,15-eso-diphenylporphyrinatoiron(III)]

First example of the glycosylated metal complexes for probing CCI is a μ-oxo-bis-
[5,15-meso-diphenylporphyrinatoiron(III)] having a tetravalent Lac cluster 
(Hasegawa et  al. 2005). In this example, a porphyrinatoiron(III) having two Lac 
units (PorLac) was prepared through cyclization of p-formylphenyl-hepta-O-acetyl-
β-lactoside and dipyrromethane, complexation of the resultant porphyrin derivative 
with FeCl2, and the subsequent deacetylation with ammonia in a MeOH/H2O mix-
ture (Fig.  2.3a). PorLac was then dimerized in basic aqueous solution to afford 
μ-oxo-bis-[5,15-meso-diphenylporphyrinatoiron(III)] having tetravalent Lac clus-
ters (PorLac-dimer), in which two PorLac units were linked together with a Fe-O-Fe 
bond. In addition to its easy preparation through the self-assembly, its unique 
double-decker-type 3D structure and free rotations of each PorLac units make 
PorLac-dimer advantageous as a platform for probing Lac-Lac interactions between 
the upper and the lower PorLac units. In fact, PorLac-dimer showed unique UV-vis 
spectral changes on additions of Ca2+ (Fig. 2.3b). In detail, PorLac-dimer in aqueous 
N-methyl-2-pyrrolidone (NMP, pH  9.6, 50  mM Tris-HCl, [NMP]  =  50% v/v) 
showed a newly appeared peak at around 525 nm on additions of CaCl2. On the 
contrary, little colorimetric change was observed on the additions of other alkali/
alkaline-earth metal chlorides (NaCl, KCl, nor MgCl2), showing its Ca2+-specific 
colorimetric change. In addition to referential experiments using a non-glycosylated 
analogue, CD spectral analyses and TEM observations on PorLac-dimer revealed 
that the Ca2+-induced colorimetric change of PorLac-dimer arises from 1:2 binding 
of Ca2+ and Lac units to give parallel Lac-Ca2+-Lac packings. These parallel Lac-
Ca2+-Lac packings fixed the conformation of PorLac-dimer, and the resultant 
“H-shaped” PorLac-dimers with large hydrophobic clefts were interdigitated 
through the hydrophobic interactions to induce the UV-vis spectral change 
(Fig. 2.3c).
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2.2.3.2  �Glycosylated Ferrocenes

Second example of the glycosylated metal complexes for probing CCI is bis-
lactosylated ferrocene (FcLac), in which a Lac unit is attached onto each of two 
cyclopentadienyl (Cp) rings of Fc core (Fig. 2.4a) (Otsuka et al. 2009). FcLac was 
prepared through Cu+-mediated azide-alkyne cycloaddition (CuAAC) between 
2-propargyl-β-lactosides (Lac-yn) and 1,1′-diazidemethylferrocene (Fc-N3). In 
detail, commercially available lactose monohydrate was converted into Lac-yn 
through O-acetylation with acetic anhydride in pyridine, glycosylation with propar-
gyl alcohol using BF3OEt2, and the subsequent deacetylation using aqueous ammo-
nia. On the contrary, Fc-N3 was prepared from 1,1′-bis-hydroxymethyl-ferrocene by 
being treated with NaN3 in acetic acid. The subsequent CuAAC between Lac-yn and 
Fc-N3 successfully afforded FcLac in a moderate yield.

In this work, intramolecular Lac-Lac interactions can be monitored through CD 
spectral analyses. In the absence of the alkali/alkaline-earth metal chloride, FcLac 
showed a negative CD peak at 220 nm, indicating its chirally twisted 1,3-triazole 
linkers and/or Cp rings. On the other hand, no peak was observed at around 300 nm, 
suggesting no adhesive force between the Lac units and the resultant free rotation of 
each mono-lactosylated Cp ring with the Cp-Fe-Cp axis (Fig. 2.4b). On the con-
trary, in the presence of NaCl and CaCl2, FcLac showed a broad CD peak at around 
300 nm, indicating a chirally twisted conformation of FcLac. Referential experi-
ments using Fc having two maltoside appendages (FcMal) did not show any CD 

Fig. 2.3  Structure of PorLac (a), UV-vis spectral responses toward alkali/alkaline-earth metal 
chlorides (b), and proposed mechanism for the Ca2+-induced UV-vis spectral change (c)
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spectral change on the additions of these salts, showing essential roles of Lac units 
in the salt-induced CD spectral changes. Interestingly, the salt-induced Lac-Lac 
interactions and the resultant conformational change were canceled by 3′-sialyllac-
tose (3’SLac: carbohydrate head of GM3). Note that GM3-LacCer interaction is the 
initial driving force to mediate the cancer metastases and it is stronger than LacCer-
LacCer interaction. It is reasonable to assume that the intramolecular Lac-Lac inter-
action was replaced by a couple of intermolecular Lac-3’SLac interaction.

2.3  �Glycosylated Tris-bipyridine Ferrous Complexes

2.3.1  �Synthesis

The most recently reported example of the glycosylated metal complex for probing 
CCI is hexavalent glycoclusters having tris-bipyridine ferrous complex cores 
(Fig. 2.5a) (Nonaka et al. 2016). In this work, 2,2′-bipyridines (bpy) carrying two 
Lac or Mal units (bpyLac and bpyMal, respectively) were synthesized through con-
densation reactions between 1-p-aminophenyl-per-O-acety-glycosides (pAP-
glycosides) and 2,2-bipyridine-5,5-dicarbonyl chloride (bpyCOCl) followed by 
deacetylation. Self-assemblies of these glycobpys onto Fe2+ gave the corresponding 
tris-bpy ferrous complexes presenting hexavalent Lac and Mal clusters 
([Fe(bpyLac)3]2+ and [Fe(bpyMal)3]2+, respectively). In detail, lactose monohydrate 
and maltose were converted into the corresponding pAP-glycosides through 
O-acetylation with acetic anhydride in pyridine, bromination of their anomeric 
positions with HBr, SN2 reactions with sodium p-nitrophenoxide, and the 

Fig. 2.4  Structure of FcLac/FcMal (a) and their conformational changes induced by the cations 
and 3’SLac (b)
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subsequent hydrogenation with H2 on Pd/C. On the other hand, for the synthesis of 
bpyCOCl, 5,5′-dimethyl-2,2′-bipyridine was oxidized with KMnO4 in boiling water 
to give 2,2′-bipyridne-5,5′-dicarboxylic acid that was then converted into bpyCOCl 
with SOCl2. The subsequent couplings of bpyCOCl and the pAP-glycosides were 
successfully achieved in THF containing triethylamine followed by deacetylation 

Fig. 2.5  Structures of the Δ- and Λ-isomeric metalloglycoclusters (a), their 3D structure obtained 
through the MD calculation (b), and plots of their A800 values against the coexisting salt concentra-
tions (c)
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with aqueous ammonia to afford bpyLac and bpyMal. Since bpyLac and bpyMal 
were hardly soluble in aqueous media, white precipitates formed as the deacety-
lation proceeded, and therefore, pure bpyLac and bpyMal were readily retrieved 
from the reaction mixtures through filtration.

It is widely recognized that bpy and their derivatives are excellent bidentate 
ligands for Fe2+ and they can be readily converted into the corresponding tris-
bipyridine ferrous complexes even with highly diluted Fe2+. The water-insoluble 
natures of these glycobpys, however, strongly hindered their smooth complexations 
with Fe2+. In fact, one-third equivalent of Fe2+ in aqueous glycobpy suspension was 
not enough to prepare the metalloglycoclusters. In these cases, the resultant mix-
tures were still colorless, and white precipitates still existed at the bottom of the 
flask, indicating their unsuccessful complexations. On the other hand, if we used 
excess amounts (3  eq.) of Fe2+ and the resultant mixtures were sonicated/heated 
repeatedly, the mixtures became transparent with reddish purple color. Through 
these procedures, [Fe(bpyLac)3]2+ and [Fe(bpyMal)3]2+ were successfully obtained 
from bpyLac and bpyMal, respectively. UV-vis spectra of these metalloglycoclus-
ters showed metal-to-ligand charge transfer (MLCT) bands at around 544  nm, 
clearly confirming the successful conversion of the glycobpys into the correspond-
ing metalloglycoclusters with [Fe(bpy)3]2+ cores.

2.3.2  �Advantages of the Metalloglycoclusters for Probing CCIs

Great advantages of these metalloglycoclusters as the intramolecular systems arise 
from unique properties of their [Fe(bpy)3]2+ cores as shown below. (1) The tris-
complexes are more stable than the corresponding bis- and mono-complexes, and 
therefore, the tris-complexes selectively/quantitatively form even in the presence of 
excess Fe2+. (2) The [Fe(bpy)3]2+ cores have screw propeller-like 3D structures, in 
which three bpy units coordinate onto Fe2+ in right- (Δ) or left-handed (Λ) manners. 
(3) The Fe-N coordination bonds between Fe2+ and the bpy units are reversible at the 
ambient temperature, and therefore, the two stereoisomers (Δ and Λ) are under 
equilibrium. (4) The glycobpys are chiral, and therefore, the resultant tris-complexes 
are mixtures of diastereomeric stereoisomers (Δ and Λ) with different spatial carbo-
hydrate packings and different stabilities. (5) Each of the diastereomeric stereoiso-
mers shows a characteristic CD spectrum, and therefore, their Δ-Λ ratios can be 
readily monitored through CD spectral measurements. These all features make the 
metalloglycoclusters unique artificial systems for probing CCI. If one stereoisomer 
has a more stable carbohydrate packing than the other for intramolecular CCI, the 
salt-induced CCI should act as adhesive forces to stabilize this stereoisomer. The 
enriched stereoisomer can be readily monitored through CD spectral 
measurements.

Conformations of the metalloglycoclusters also emphasized their great advan-
tages as the intramolecular systems to assess cis-CCI and the resultant carbohydrate 
packings within the glycoclusters. Molecular dynamics (MD) calculation on the 
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metalloglycoclusters revealed their unique 3D structures having two trivalent glyco-
clusters at northern and southern poles of spherical [Fe(bpy)3]2+ cores (Fig. 2.5b). 
Each of these trivalent glycoclusters can be acted as minimum mimics of the natural 
glycoclusters on cell surfaces. Furthermore, since the trivalent glycoclusters and the 
[Fe(bpy)3]2+ core are close to each other, carbohydrate packings of the trivalent gly-
coclusters greatly affect Δ-Λ ratios of the [Fe(bpy)3]2+ cores. In other words, if cis-
CCI induce particular carbohydrate packings of the glycoclusters, such CCI-induced 
conformational changes of the glycoclusters can be sensitively read out through CD 
spectral measurements. For example, in the absence of the salt, both [Fe(bpyLac)3]2+ 
and [Fe(bpyMal)3]2+ showed CD spectra having two characteristic positive-to-
negative (+/−) and negative-to-positive (−/+) CD patterns on going from longer to 
shorter wavelengths at around 544 (MLCT band) and 315 nm (π-π* transition band), 
respectively. These CD spectral features are characteristic for Δ-[Fe(bpy)3]2+, indi-
cating that the corresponding Δ-isomers predominantly exist in the mixtures. 
Intensities of these CD peaks were, however, much smaller than those of enantio-
pure Δ-[Fe(bpy)3]2+, implying their low Δ-excesses. These data suggest their flexi-
ble carbohydrate packings in pure water. On the contrary, addition of alkali/
alkaline-earth metal salts induced unique CD spectral changes of the metalloglyco-
clusters, suggesting favorable carbohydrate packings of the glycoclusters in the 
presence of the salts. But, before starting discussion on the salt-induced conforma-
tional changes of the metalloglycoclusters, our attention will be focused onto salt-
induced aggregations of the metalloglycoclusters.

2.3.3  �Salt-Induced Aggregation

The metalloglycoclusters are highly soluble in pure water. Considering hardly 
water-soluble nature of their precursors (bpyLac and bpyMal), the high water solu-
bilities of the metalloglycoclusters clearly arise from +2 charges in their [Fe(bpy)3]2+ 
cores. The aqueous solution of [Fe(bpyMal)3]2+, however, became turbid on addi-
tions of salts. For example, when NaCl was added (>ca. 1.0 M), [Fe(bpyMal)3]2+ 
immediately aggregated to give precipitates. Other alkali/alkaline-earth metal chlo-
rides also induced similar aggregations of [Fe(bpyMal)3]2+. To assess the aggrega-
tions in quantitative manners, absorbance at 800 nm (A800) was utilized as an index 
for the aggregation. For example, in the case of [Fe(bpyMal)3]2+, its A800 value was 
almost zero in the absence of the salts, showing no aggregation of [Fe(bpyMal)3]2+. 
In the presence of NaCl, however, its A800 was greatly increased when [NaCl] was 
higher than 1.0 M. Critical concentration (CC) of NaCl to induce the aggregations 
can be, therefore, estimated to 1.0 M (Fig. 2.5c). Likewise, the CC of MgCl2, KCl, 
and CaCl2 were estimated to 0.6, 1.0, and 0.6 M, respectively.

The salt-induced aggregation of [Fe(bpyMal)3]2+ is quite contradictive to the 
excellent water solubility of [Fe(bpyLac)3]2+ even under high concentrations of 
these salts; that is, [Fe(bpyLac)3]2+ showed no aggregation in aqueous solutions with 
much higher salt concentrations ([salts] = 2.0 M), showing ionic strength of the 
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media as a negligible factor for the aggregation. We carried out some referential 
experiments to reveal mechanism of the salt-induced aggregation of [Fe(bpyMal)3]2+ 
to find that NaBr did not induce the aggregation. This datum shows that not Na+ but 
Cl− is responsible for the aggregation. The Cl−-induced aggregation of 
[Fe(bpyMal)3]2+ was also supported by the CC values; that is, the CC of the alkaline-
earth metal chlorides (ca. 0.6 M for MgCl2 and CaCl2) were almost half to those of 
the alkali metal chlorides (1.0 M for NaCl and KCl). In addition, MD calculation on 
a molecular system composed of [Fe(bpyMal)3]2+ and Cl− gave a clear picture of 
their binding, in which one Cl− is captured within the amide cluster through electro-
static interactions between the former and the partially positive (δ+) hydrogen 
atoms (-NHCO-) of the latter. The [Fe(bpy)3]2+ core also electrostatically stabilizes 
the Cl− captured within the amide cluster.

As already mentioned, the highly water-soluble nature of [Fe(bpyMal)3]2+ arises 
from its +2 charges. It is, therefore, reasonable to assume that the binding of Cl− 
onto [Fe(bpyMal)3]2+ partially neutralizes the +2 charges to lower its water solubil-
ity. This proposed mechanism quite reasonably explains the Cl−-induced aggregation 
of [Fe(bpyMal)3]2+; it is, however, still difficult to rationalize the highly water-
soluble nature of [Fe(bpyLac)3]2+ even under the high salt concentrations. 
Informative data to rationalize the selective [Fe(bpyMal)3]2+ aggregation was 
obtained through CD spectral analyses as discussed below.

2.3.4  �Salt-Induced CD Spectral Change

The CD spectral analyses on the metalloglycoclusters in aqueous solutions contain-
ing the alkali/alkaline-earth metal chlorides (~0.4 M) showed great impacts of these 
salts on their CD spectra. In these experiments, the salt concentrations were lower 
than their CC, and therefore, the aqueous solutions were still transparent without 
any aggregation.

2.3.4.1  �Salt-Induced CD Spectral Change of [Fe(bpyMal)3]2+

In the case of [Fe(bpyMal)3]2+, it showed magnified CD spectra in the presence of 
the alkali/alkaline-earth metal chlorides; that is, its CD spectra kept the positive-to-
negative and negative-to-positive CD signals at almost the same wavelength (544 
and 315  nm, respectively) although their CD intensities were highly magnified 
depending on concentrations of the coexisting salts (Fig. 2.6a). Plots of CD intensi-
ties at 302 nm (CD302) against the salt concentrations showed Langmuir-type pro-
files (Fig.  2.6b), indicating 1:1 bindings between [Fe(bpyMal)3]2+ and the ions. 
Furthermore, there was little difference among these Langmuir-type profiles, indi-
cating that not the alkali/alkaline-earth metal cation (Na+, Mg2+, K+, or Ca2+) but the 
anion (Cl−) binds to [Fe(bpyMal)3]2+ to induce the CD spectral changes. Referential 
experiments using FeCl2 supported the anion-induced CD spectral changes; that is, 
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CD302 of [Fe(bpyMal)3]2+ was also magnified with increasing concentrations of 
FeCl2, when [FeCl2] is lower than 40 mM. Decreased CD signals under high Fe2+ 
concentrations (>40 mM) are assignable to partial dissociation of [Fe(bpyMal)3]2+. 
Referential experiments using NaBr also supported the Cl−-induced CD spectral 
changes; that is, NaBr also magnified the CD signals although this NaBr-induced 
CD changes was much smaller than that induce by NaCl.

Of great interest, [Fe(bpyMal)3]2+ showed a totally different CD spectral response 
toward NO3

−. For example, in the presence of KNO3 (>0.05 M), [Fe(bpyMal)3]2+ 
showed CD spectra that were almost mirror images to that in pure water. In spite of 
a newly appeared negative peak at around 370 nm, this NO3

−-induced CD spectral 
change indicates that Λ-[Fe(bpyMal)3]2+ was greatly stabilized/enriched in the pres-
ence of NO3

−.
These experimental data indicate the followings. (1) The CD spectral changes 

arise from the binding of [Fe(bpyMal)3]2+ with the anions (Cl−, Br− or NO3
−). (2) In 

the binding events, only one anion binds to one [Fe(bpyMal)3]2+ with 1:1 stoichiom-

Fig. 2.6  CD spectral changes of [Fe(bpyMal)3]2+ on the additions of NaCl and KNO3 (a) and plots 
of CD302 values of [Fe(bpyMal)3]2+ against the concentrations of the coexisting salts (b)
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etries. (3) The bindings of halides (Cl− and Br−) and nitrate (NO3
−) enrich Δ- or 

Λ-[Fe(bpyMal)3]2+, respectively. In other words, [Fe(bpyMal)3]2+ dynamically 
changes their spatial carbohydrate packings in response to the anions. The last find-
ing is of quite importance since the GSL-enriched microdomains on cell surfaces 
also have amide clusters (See Fig. 2.1). This structural similarity suggests anion 
response of the cell surface glycoclusters to change their carbohydrate packings.

2.3.4.2  �Salt-Induced CD Spectral Change of [Fe(bpyLac)3]2+

In the case of [Fe(bpyLac)3]2+, it showed unique two-phase CD spectral changes that 
were totally different from the Langmuir-type binding profiles observed for 
[Fe(bpyMal)3]2+. For example, in the case of CaCl2, CD signals of [Fe(bpyLac)3]2+ 
were slightly weakened with increasing CaCl2 concentration until [CaCl2] reached 
to ca. 25 mM (first phase, Fig. 2.7). On the contrary, when [CaCl2] was higher than 
25 mM, its CD signals turned to be magnified with increasing CaCl2 concentration 
(second phase). The other alkali/alkaline-earth metal chlorides (NaCl, MgCl2, and 
KCl) also induced similar CD spectral changes. These two-phase CD spectral 
changes indicate that Λ- and Δ-[Fe(bpyLac)3]2+ were stabilized under low (~25 mM) 
and high (25 mM ~) salt concentrations, respectively.

Referential experiments were carried out to reveal mechanisms of these two-
phase CD spectral changes. When FeCl2 was used in the experiments, CD signals of 
[Fe(bpyLac)3]2+ were simply reduced with increasing FeCl2 concentration. These 
data suggest that Cl− and the alkali/alkaline-earth metal cations (Na+, Mg2+, K+, or 
Ca2+) are responsible for the first and the second phase CD spectral changes, respec-
tively. Of great interest, the Cl− binding in the first phase is a prerequisite for the 
second phase CD spectral changes; that is, NaBr and KNO3 induced the first phase 
CD spectral changes only, and they were not followed by the second phase ones. 
These data indicate the followings. (1) Various anions (Cl-, Br-, and NO3

−) bind to 
[Fe(bpyLac)3]2+ to induce the first phase CD spectral change. (2) Among these 
anions, the Cl− bindings in the first phase are essential for the subsequent (second 
phase) CD spectral change induced by the cations. It is reasonable to assume that 
the binding of Cl− onto the amides induces preorganization of the Lac clusters into 
those suitable for the cation bindings. An additional experiment was also carried out 
using free lactose as an additive to find that coexisting free Lac (0.25 M) inhibited 
the NaCl-induced two-phase CD spectral change of [Fe(bpyLac)3]2+ to some extent, 
proving that the Lac units are responsible for the cation bindings (Nonaka et  al. 
2016). Considering that the second binding event was not observed for 
[Fe(bpyMal)3]2+, these data indicate that the βGal nonreducing terminals of 
[Fe(bpyLac)3]2+ are responsible for the cation bindings.

2  Synthesis of Glycosylated Metal Complexes for Probing…



36

2.3.5  �Detailed Mechanism of the Binding Between the 
Metalloglycoclusters and the Ions

The most conceivable mechanism to reasonably explain the salt responses is illus-
trated in Fig 2.8. In the first binding events, the Cl− bindings to [Fe(bpyMal)3]2+ and 
[Fe(bpyLac)3]2+ induce their Langmuir-type and the first phase CD spectral changes, 
respectively. In the case of [Fe(bpyMal)3]2+, the subsequent binding with the cations 
does not occur, and therefore, the resultant Cl− adduct ([Fe(bpyMal)3Cl]+) aggre-
gates suffering from its lowered water solubility. On the other hand, in the case of 
[Fe(bpyLac)3]2+, its Cl− adduct ([Fe(bpyLac)3Cl]+) immediately binds to the cations 
(Mn+; n = 1 or 2), and the resultant complexes ([Fe(bpyLac)3MCl]m+; m = 2 or 3) do 
not form any aggregation because of their retained/enhanced water solubility origi-
nating from the +2 or + 3 charges.

Fig. 2.7  CD spectral changes of [Fe(bpyLac)3]2+ on the additions of CaCl2 (a) and plots of their 
CD302 values against the concentrations of the coexisting salts (b and c)
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2.4  �Summary

In this chapter, we focus our attention on the artificial systems, especially the glyco-
sylated metal complexes, for probing CCI. As already mentioned, the cis/trans-CCI 
are essential not only for the GSL localizations in the cell membranes but also for 
the cell-cell adhesions. It is, however, quite difficult to probe CCI, and only few 
molecular-level information have been accumulated so far in CCI chemistry. 
Especially, no information has been obtained concerning cis-CCI and CCI-mediated 
carbohydrate packings within the glycoclusters on cell surfaces. In this respect, the 
glycosylated metal complexes having the [Fe(bpy)3]2+ cores are quite advantageous 
to monitor cis-CCI within the glycocluster and the CCI-mediated conformational 
change of the glycoclusters. Continuous studies using the glycosylated metal com-
plexes and other well-designed artificial models are highly required for progress in 
this research field.

Fig. 2.8  Detailed mechanisms to rationalize both the anion binding of [Fe(bpyMal)3]2+ to induce 
the CD spectral changes with Langmuir-type profiles and the resultant aggregation (top) and anion/
cation binding of [Fe(bpyLac)3]2+ to induce the two-phase CD spectral changes (bottom)
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Chapter 3
Unraveling of Lipid Raft Organization 
in Cell Plasma Membranes by Single-
Molecule Imaging of Ganglioside Probes

Kenichi G. N. Suzuki, Hiromune Ando, Naoko Komura, Takahiro Fujiwara, 
Makoto Kiso, and Akihiro Kusumi

Abstract  Gangliosides are involved in a variety of physiological roles and particu-
larly in the formation and function of lipid rafts in cell membranes. However, the 
dynamic behaviors of gangliosides have not been investigated in living cells owing 
to the lack of fluorescent probes that behave like their parental molecules. This has 
recently been resolved by developing new fluorescent ganglioside analogues that 
act similarly to their parental molecules, synthesized by only chemical methods. We 
performed single fluorescent-molecule imaging and revealed that ganglioside 
probes dynamically enter and exit rafts containing CD59, a glycosylphosphati-
dylinositol (GPI)-anchored protein, both before and after stimulation. The residency 
time of our ganglioside probes in CD59 oligomers was 48 ms after stimulation. The 
residency times in CD59 homodimer and monomer rafts were 40 and 12 ms, respec-
tively. These results reveal the first direct evidence that GPI-anchored receptors and 
gangliosides interact in a cholesterol-dependent manner. Furthermore, they demon-
strate that gangliosides continually move in and out of rafts that contain CD59 in an 
extremely dynamic manner and at a much higher frequency than expected. In this 
chapter, we review methods for the development and single-molecule imaging of 
new fluorescent ganglioside analogues and discuss how raft domains are formed, 
both before and after receptor engagement.
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3.1  �Introduction

Gangliosides are subtypes of glycosphingolipids that contain one or more sialic acid 
(N-acetylneuraminic acid) groups. Gangliosides that contain one, two, three, or four 
sialic acid moieties are termed GM, GD, GT, and GQ, respectively. They are also 
defined using numbers to indicate their migratory position after thin-layer chroma-
tography (e.g., GM1, GM3, GT1b). More than 40 types of gangliosides have been 
identified, with the location and number of sialic acids groups present being differ-
ent for each. Gangliosides are known to be involved in a variety of important physi-
ological functions in cell plasma membranes (PMs). Representative functional 
examples include raft domain formation through interaction with cholesterol (Fujita 
et al. 2007; Lingwood et al. 2011; Dalton et al. 2017; Galimzyanov et al. 2017) and 
the invasion of microbial toxins, viruses, and bacteria into cells (Smith et al. 2004; 
Fleming et al. 2014). Gangliosides have also been shown to regulate receptor activa-
tion (Yoon et al. 2006; Ohkawa et al. 2010; Coskun et al. 2011; Berntsson et al. 
2013; Dam et al. 2017). More specifically, previous studies have indicated that GM3 
inhibits activation of epidermal growth factor receptors (EGFRs) (Coskun et  al. 
2011). It has also been reported that activation of nerve growth factor (NGF) recep-
tors (Trk) is enhanced by association with GM1 (Fukuda et al. 2015; Aureli et al. 
2016). The ganglioside GD3 was found to augment adhesion signaling by recruiting 
integrins to lipid rafts (Ohkawa et al. 2010), and GQ1b was observed to increase 
tyrosine phosphorylation of N-methyl-d aspartate (NMDA) subunit B, which may 
subsequently enhance NMDA receptor synaptic activation (Jung et al. 2010).

However, despite the key involvement of gangliosides in such important cellular 
processes, our knowledge about their locations and distributions, associations with 
other molecular species, and dynamic behaviors in cell PMs has remained limited. 
Gangliosides have not been directly observed in PMs of living cells, and previous 
studies have been performed using fixed PMs or by examining how the expression 
levels of gangliosides affect receptor activities and other cellular processes. This is 
primarily because of the lack of fluorescent ganglioside probes that behave like 
endogenous ones (Eggeling et al. 2009; Chinnapen et al. 2012; Sezgin et al. 2012). 
GM1 analogues conjugated with fluorescent labels involving the fatty acid or gly-
can have been synthesized (Schwarzmann et  al. 2005; Marushchak et  al. 2007; 
Eggeling et al. 2009; Polyakova et al. 2009; Chinnapen et al. 2012). However, these 
analogues did not behave in a similar manner as the parental molecules in terms of 
partitioning into raft-like domains (liquid-ordered domains) in artificial liquid 
order-disorder phase-separated lipid membranes, such as giant unilamellar vesicles 
or in giant plasma membrane vesicles (GPMVs) at lower temperatures (Sezgin et al. 
2012), and in terms of their affinities for GM1 binding to cholera toxin subunit B 
(CTB) (Chinnapen et al. 2012). In addition, CTB itself has been used to examine the 
location of GM1. However, CTB is pentavalent and can cross-link gangliosides, 
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changing their lateral distribution in the PMs of cells (Hammond et  al. 2005; 
Lingwood et al. 2008; Kaiser et al. 2009; Stefl et al. 2012). Even if PMs are fixed 
using 4% paraformaldehyde and 0.5% glutaraldehyde, a significant fraction of lipid 
molecules remain mobile (Kusumi and Suzuki 2005; Tanaka et al. 2010) and can 
cross-link ganglioside molecules. Similarly, it is difficult to perform immunohisto-
chemical staining of gangliosides, as labeling using primary and secondary antibod-
ies also results in cross-linking, even after cell fixation. This results in the generation 
of bright, fluorescent patches of gangliosides (Kusumi and Suzuki 2005; Tanaka 
et al. 2010). This could potentially be avoided by using the fab domains of primary 
and secondary antibodies, but this approach has not been pursued. Owing to all 
these various factors, it has been extremely difficult to investigate the location and 
distribution of gangliosides in cell PMs.

To resolve this issue, we employed entirely chemical synthesis methods (Ando 
et al. 2003, 2005; Imamura et al. 2009; Iwayama et al. 2009; Tamai et al. 2011; 
Fujikawa et  al. 2011; Nakashima et  al. 2012) to develop fluorescent ganglioside 
analogues that behave in a similar manner as their parental gangliosides (Komura 
et al. 2016). In this chapter, we overview the studies on the dynamic behaviors of 
gangliosides in cell PMs. In addition, we introduce studies on our new fluorescent 
probes by single-molecule imaging, which examined how raft domains are formed 
before and after receptor stimulation.

3.2  �Single-Molecule Imaging

Single-molecule imaging was performed with an objective-type total internal reflec-
tion microscope (Tokunaga et al. 1997) that was constructed on an inverted micro-
scope (Olympus IX-70) (Fig. 3.1). 488 nm and 594 nm laser beams, attenuated with 
neutral density filters, were expanded by two lenses (L1 and L2 in Fig. 3.1), focused 
at the back focal plane of the objective lens with an L3 lens (Fig. 3.1), and then 
steered onto the edge of a high numerical aperture objective lens (UAPON 
100XOTIRF; numerical aperture  =  1.49). The laser beam was totally internally 
reflected at the coverslip-medium interface (incident angle, ~66 degree), and an 
evanescent field was formed on the surface of the coverslip (Axelrod et al. 1984) 
(Fig. 3.1). The stray excitation light was blocked with an interference band-pass 
filter (BF in Fig. 3.1) placed after the dichroic mirror (DM). The two-color fluores-
cence emission signal was split by DM and projected onto two-stage microchannel 
plate intensifier (C8600–03; Hamamatsu photonics) (II), and the intensified images 
were detected by two sCMOS cameras (ORCA flash 4.0, Hamamatsu photonics). 
Single-molecule imaging at high temporal resolution was performed by using a 
specially designed CMOS sensor-based camera (Photron).
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3.3  �Chemical Synthesis of Ganglioside Probes

The method to synthesize fluorescent GM3 and GM1 analogues (Fig. 3.2a and b) 
was developed on the basis of our previously established method (Ando et al. 2003; 
Imamura et al. 2009; Tamai et al. 2011). The developed method to synthesize fluo-
rescent GM1 and GM3 was then applied for the synthesis of fluorescent GM2 and 
GD1b probes (Fig. 3.3a and b). A fluorescent reporter molecule (five different, dis-
tinguishable dyes were used) was conjugated at the C9 position of the sialic acid 
moiety (termed S9-type) of both GM3 and GM1, at the C6 position of the galactose 
(referred to as G6-type) of GM3, and at the C6 position of the terminal galactose 
(one of the two galactoses in the sugar chain (called termG6-type) of GM1) 
(Fig. 3.2a, b).
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Mirror DM

L2

L1

BF

BF

DM
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II

PL

PL

Back focal plane
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100X, NA = 1.49
laser objective lens
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Fig. 3.1  Schematic drawing of the total internal reflection fluorescence microscope to perform 
simultaneous observation of two different molecules such as ATTO488 and ATTO594 at the level 
of single molecules. (Left) Optical ray diagram L1 and L2 beam expander, L3 focusing lens, PL 
projection lens, S electric shutter, ND neutral density filter, ID iris diaphragm, DM dichroic mirror, 
BF band-pass filter, II image intensifier. (Right) Schematic drawing around the sample chamber 
and the objective lens. The laser was totally internally reflected at the coverslip-medium interface, 
and an evanescent field was formed

K. G. N. Suzuki et al.



45

3.4  �Characterization of New Ganglioside Probes

The fluorescent ganglioside probes were compared with native molecules to assess 
partitioning into raft domains. Raft markers, such as sphingomyelin and glyco-
sylphosphatidylinositol (GPI)-anchored proteins, are preferentially partitioned into 
the detergent-resistant membrane (DRM) fraction. These are typically insoluble in 
cold, nonionic detergents. Raft markers are also partitioned into liquid-ordered 
phase-like (Lo-like) domains in GPMVs, which contain the full complement of 
proteins and lipids found in native PMs, except for the actin-based membrane skel-
eton (Baumgart et al. 2007; Levental et al. 2011).
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Fig. 3.2  Chemical structures of the fluorescent GM1 and GM3 probes we developed. (Komura 
et al. 2016)

3  Unraveling of Lipid Raft Organization in Cell Plasma Membranes…



46

3.4.1  �Detergent Insolubility of Ganglioside Probes

Cold detergent insolubility of fluorescent ganglioside probes developed by us, in 
addition to commercially available analogues, was examined in human T24 cells. 
The cell PMs in which fluorescent ganglioside analogues and other fluorescent lip-
ids were incorporated were treated with cold Triton X-100 and observed by epi-
fluorescence microscopy (Kenworthy et  al. 2004). S9 (GM3, GM2, and GM1), 
TermG6-GM1, GN6-GM2, and TermG6-GD1b analogues mainly partitioned into 
the DRMs (Fig. 3.4a and c). TMR-G6-GM3 and commercially available BodipyFL-
C5-GM1 (Taylor et al. 2005; Lenne et al. 2006; Jones et al. 2010), in which a fatty 
acid chain is conjugated with BodipyFL and is widely used as a raft marker, solubi-
lized almost completely in cold 1% Triton X-100, as did non-raft markers 
(BodipyFL-C5-PC, 594-DOPE [dioleoylphosphatidylcholine], and 647 N-DOPE) 
(Komura et al. 2016). In TMR-G6-GM3, the moderately hydrophobic dye TMR is 
attached to position C6 of galactose, while in BodipyFL-C5-PC, the hydrophobic 
dye BodipyFL is connected to the sn-2-acyl chain via a C5 alkyl chain of PC. For 
both of these markers, the hydrophobic dyes used may perturb their incorporation 
into DRMs. Analysis of DRM partitioning indicated that modification with hydro-
philic fluorophores at the S9 position of GM3, including ATTO594, ATTO488, and 
Fl, retained a preference for DRM partitioning. These results are also consistent 
with those of a previous report that hydrophobic dyes introduce artifacts into 
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single-molecule tracking experiments owing to non-specific binding (Zanetti-
Domingues et al. 2013).

3.4.2  �Analysis of Partitioning into Lo-Like and Ld-Like 
Domain in GPMVs

Partitioning of the fluorescent ganglioside probes into Lo-like and Ld-like domains 
in GPMVs was consistent with analyses of partitioning in DRMs (Fig. 3.4b and c). 
These results showed that ganglioside analogues modified with hydrophilic fluoro-
phores at the terminal position of the glycan group interacted with raft domains, just 
like the native gangliosides.

A discrepancy between the partitioning patterns of several probes into either the 
DRM or Lo phase was also observed. For example, TMR-G6-GM3 was almost 
completely solubilized in cold Triton X-100 but had an average Lo/Ld ratio of 1.7. 
This may be due to the fact that these assays were performed with different cell 
types (T24 cells for DRM and RBL-2H3 cells for Lo/Ld) or because Triton X-100 
promotes domain formation (Heerklotz 2002). Therefore, TMR-G6-GM3 may be 
segregated from these induced domains.

Fig. 3.4  Partitioning of fluorescent ganglioside probes. (a) Epi-fluorescence images of 594-S9-
GM1 before and after treatment of T24 cells with cold-Triton X-100. (b) Fluorescence images of 
594-S9-GM3 and BodipyFL-PC, indicating that 594-S9-GM3 was partitioned into the Lo-like 
phase while BodipyFL-PC was partitioned into the Ld-like phase in GPMVs. (c) Partitioning of 
fluorescent ganglioside probes into the DRM fraction (second column, far left), Lo-like phase 
(second column, far right) and CD59 patches (far right column). The numbers in parentheses in the 
far left column correspond to those in Figs. 3.1 and 3.2
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3.4.3  �Recognition of Sugar-Chain of Gangliosides by the 
Binding Proteins

The dissociation constants (Kd) between ganglioside analogues and sugar-binding 
proteins were measured by surface plasmon resonance (SPR) analysis. The binding 
affinities of CTB to fluorescent GM1s, and those of wheat germ agglutinin  
(WGA) to fluorescent GM3s incorporated into 1-palmitoyl-2-oleoyl-sn- 
glycerophosphorylcholine (POPC) vesicles (10 Mol%), were determined by SPR 
equilibrium analysis. GM1 and GM3 conjugated with ATTO594 at the S9 positions 
exhibited comparable affinity constants to native molecules for both of the sugar-
binding proteins CTB and WGA.  These results suggested that conjugation of 
ATTO594 at the S9 position of GM1 and GM3 hampered neither binding of CTB to 
GM1, nor binding of WGA to GM3 (Komura et al. 2016). On the other hand, it was 
reported that the affinity of CTB for a fluorescent GM1 analogue conjugated with 
Alexa568 at the glycerol side chain of the sialic acid (with the removal of two 
hydroxyl groups and one carbon atom) was reduced by a factor of approximately 10 
(Chinnapen et al. 2012). This difference may be due to the location of the dye mol-
ecule within the GM1 molecule and/or the particular dye used.

In previous studies to investigate the dynamic behaviors and functions of gan-
gliosides in cell PMs, CTB labeled with fluorescence (e.g., Cy3-CTB) has been 
widely used as a GM1-specific marker. However, GM1 molecules are cross-linked 
by CTB, which modifies the distribution of GM1 and their behavior in PMs. Single-
molecule tracking showed that Cy3-CTB complexed with GM1 migrated at smaller 
diffusion coefficients (0.01–0.06  μm2/s) than any of our fluorescent ganglioside 
probes (0.31–0.36 μm2/s) or phospholipids (0.20–0.22 μm2/s). This was due to the 
clustering of GM1 molecules after binding to the five CTB carbohydrate-binding 
pockets. These results explicitly indicate that CTB alters the dynamic behavior of 
GM1. In this context, fluorescent GM1 probes, in which a fluorescent dye was 
directly attached to the lipid via the fatty acid moiety, have been found to be unsuit-
able as raft markers (Schwarzmann et al. 2005; Marushchak et al. 2007; Eggeling 
et al. 2009; Polyakova et al. 2009).

We also found that the most frequently used marker, BodipyFL-C5-GM1 (Taylor 
et al. 2005; Lenne et al. 2006; Jones et al. 2010; Svistounov et al. 2012), is parti-
tioned into neither the DRM nor Lo-like phase in GPMVs, although its diffusion 
coefficients were similar to those of our fluorescent gangliosides and phospholipids. 
Incorporation of a dye molecule into the lipid tail moiety may weaken lipid interac-
tions with other molecules residing in the DRMs and Lo-like phase. As described 
above, a fluorescent GM1 analogue conjugated with Alexa568 at the glycerol side 
chain of the sialic acid (with the removal of two hydroxyl groups and one carbon 
atom) showed much lower affinity (~tenfold less) for CTB than the native mole-
cules (Chinnapen et al. 2012). This indicates the importance of retaining the glyc-
erol chain of sialic acid when gangliosides are modified. Likewise, another head 
group-labeled GM1 probe, in which the C5 amino position of sialic acid was 
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conjugated to ATTO647N, was mostly partitioned into the Ld-like phase in GPMVs 
(Sezgin et al. 2012).

3.5  �Behavior of Ganglioside Analogues in Cell PMs

3.5.1  �Partitioning of Ganglioside Probes into GPI-Anchored 
Protein Clusters

Since ganglioside-binding proteins such as CTB and WGA induce clusters of gan-
gliosides, the distribution and dynamic behaviors of gangliosides in the living cell 
PMs cannot be investigated using these proteins. Therefore, we used our new fluo-
rescent ganglioside probes to study the partitioning of these analogues in lipid rafts. 
GPI-anchored proteins are representative raft markers and coalesced into large 
patches after cells were incubated with primary and secondary antibodies (Harder 
et al. 1998). We used a complement control factor, CD59, as a GPI-anchored protein 
marker of lipid rafts.

Our confocal fluorescence microscopy observations revealed that our new gan-
glioside probes partitioned into both the DRM and Lo-like domains and co-localized 
with large CD59 patches. Note that such co-localization has been observed in previ-
ous studies only when ganglioside-binding proteins such as CTB, WGA, and anti-
bodies were employed to induce clusters. These results showed that the affinity of 
GM3 analogues for rafts was highest for 594-S9-GM3, 488-S9-GM3, and 
Fl-S9-GM3, and the affinities were reduced from TMR-S9-GM3 to TMR-G6-GM3. 
For GM1 analogues, 594-S9-GM1, 594-termG6-GM1, and 488-S9-GM1 were all 
equivalent and had higher affinity than TMR-S9-GM1. Meanwhile, 647 N-S9-GM3, 
TMR-G6-GM3, and BodipyFL-GM1 partitioned into the non-raft fraction, proba-
bly due to the detrimental effects of hydrophobic dyes on lipid interactions (Zanetti-
Domingues et al. 2013) and should not be used as lipid raft markers. Based on these 
results, we synthesized and evaluated the GM2 and GD1b fluorescent probes, 594-
S9-GM2, 594-GN6-GM2, and 594-termG6-GD1b. We found that these analogues 
also partitioned into large, induced lipid rafts.

3.5.2  �Single-Molecule Imaging of Ganglioside Probes 
Inside and Outside CD59 Patches

Confocal fluorescence microscopy observation revealed that the ganglioside probes 
we developed were co-localized with rafts of CD59 patches in PMs. However, it is 
still unknown whether these probes dynamically entered and exited the raft domains. 
Our single-molecule tracking of 594-S9-GM1 and GM3 showed that both probes 
diffused in and outside the raft domains of CD59 patches. Each individual molecule 
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of ganglioside probe was maintained within the boundaries of CD59 patches and the 
bulk regions, rather than passing through. On the other hand, a non-raft phospho-
lipid probe, 594-DOPE, was located outside the CD59 patches for most of the time 
and repelled at the boundaries of the patches. These results indicated that our gan-
glioside probes were concentrated in the CD59 patches by a factor of 4–10; mean-
while, 594-DOPE was almost completely excluded. These results concur with the 
confocal fluorescence microscopy observations and show that the large CD59 
patches form raft domains by temporarily recruiting other raft molecules such as 
gangliosides.

The 594-S9-GM3 and GM1 molecules in the large CD59 patches often under-
went temporal confinement with lifetimes of ~100  ms, a phenomenon termed 
“Temporal Arrest of LateraL diffusion” or “TALL.” Meanwhile, almost all the 594-
S9-GM3 and GM1 molecules diffused continuously outside the CD59 patches 
when observed at 33-, 8-, and 0.5-ms resolutions (Komura et al. 2016). After actin 
depolymerization, the time fractions of TALL for 594-S9-GM3 and GM1 inside the 
CD59 patches were significantly reduced, suggesting that the induced large CD59 
patches might interact with the actin-based membrane skeleton. Alternatively, they 
may induce actin depolymerization, and TALL occurs through indirect interactions 
between gangliosides and actin filaments. This may occur due to interaction between 
gangliosides and CD59 clusters that are immobilized on actin filaments by an 
unknown transmembrane protein (Suzuki 2012).

A recent study reported that the formation of monomeric GFP-GPI (mGFP-GPI) 
clusters 3 μm in diameter by using anti-GFP antibody-coated micropattern did not 
result in concentration of CD59, another GPI-anchored protein (Sevcsik et al. 2015). 
The density of mGFP-GPI in the micropattern changed between 500~1000 mole-
cules/μm2 and occupied 0.5~11% of the area of the spots. In our earlier study 
(Komura et al. 2016), CD59 was cross-linked by primary and secondary antibodies, 
which generate relatively small clusters less than 3 μm in diameter. These occupied 
some 7.7~20% of the area of the clusters if the average distance between CD59 
molecules was 9.6 nm (Werner et al. 1972) or 6.0 nm (Hewat and Blaas 1996) and 
the radius of CD59 protein moiety was 1.5 nm (Sevcsik et al. 2015). Higher densi-
ties of CD59 were able to enrich the ganglioside probes we developed (Komura 
et al. 2016). This is also consistent with the large drop in the diffusion coefficients 
of the ganglioside probes when the nearest neighbor distance of steric obstacles was 
less than 10 nm (Sevcsik et al. 2015).

3.5.3  �GPI-Anchored Protein Clusters Recruit Ganglioside 
Probes to Stabilize the Cluster Rafts

We investigated raft formation under more physiological conditions. Upon ligation, 
CD59 forms stable tetramers that recruit and activate intracellular signaling mole-
cules such as phospholipase Cγ (PLCγ), Src family kinase (SFKs), and trimeric G 

K. G. N. Suzuki et al.



51

proteins (Suzuki et al. 2007a, b, 2012, 2013). The recruitment of these signaling 
molecules eventually triggers intracellular IP3-Ca2+ responses. CD59 tetramers form 
under certain physiological conditions, and we refer to them as “CD59-cluster sig-
naling rafts.” To investigate whether CD59 tetramers recruit other raft lipids and 
form stable rafts, we carried out two-color single-molecule imaging of fluorescent 
ganglioside probes (GM1 and GM3) and of the CD59 clusters that are formed upon 
ligation.

Both 594-S9-GM1 and GM3 probes were recruited to the CD59 cluster-signaling 
rafts and remained there for approximately 100  ms, on average (Fig.  3.4c). 
Meanwhile, a non-raft, unsaturated phospholipid probe, 594-DOPE, co-localized 
with CD59-cluster rafts for much shorter periods. After cholesterol depletion, or 
when the non-raft chimeric mutant protein CD59-TM was employed, the lifetimes 
of the co-localization with ganglioside probes were reduced to about a half. These 
results showed that the driving force of the co-localization of CD59 with ganglio-
sides was not an interaction between the headgroup regions of CD59 and ganglio-
sides but, rather, was raft-lipid interactions and the alkyl chains. This notion is also 
supported by a recent study involving the interaction of sphingomyelin and satu-
rated phosphatidylcholine probes with CD59 clusters (Kinoshita et al. 2017).

3.5.4  �Stabilization of GPI-Anchored Protein Homodimers 
by Raft-Lipid Interactions

CD59 forms transient homodimers with a lifetime of approximately 160  ms, on 
average (Suzuki et al. 2012; Suzuki et al. 2013). The lifetime of CD59 homodimers 
was decreased by approximately one half after cholesterol depletion or after replac-
ing the GPI anchoring chain with a non-raft-associating transmembrane domain. 
These results suggested that CD59 homodimers are stabilized by raft-lipid 
interactions.

Single-molecule imaging of 594-S9-GM3 and GM1 indicated that both ganglio-
side probes are transiently recruited to CD59 homodimers for about 80 ms and to 
CD59 monomers for only 50 ms (Fig. 3.5a–c). Short-lived association between gan-
gliosides and both CD59 monomers and homodimers may be due to interactions 
between glycans and/or the protein moieties of CD59 and/or lipid components. It is 
intriguing that the interaction periods of CD59-cluster signaling rafts and ganglio-
side (approximately 100 ms) are longer than those of CD59 homodimers (80 ms) 
and much greater than those of CD59 monomers (50 ms). These results are in good 
agreement with our previous results that CD59-cluster signaling rafts and CD59 
homodimers are stabilized by raft-lipid interactions and that raft-lipid interactions 
may be mediated or strengthened by ganglioside recruitment.

It has been obscured whether clusters of raft-associated molecules can recruit 
other raft components, although when additional raft elements were cross-linked, 
both the initial and the subsequent raft molecules co-localized with each other 
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(Harder et  al. 1998; Kusumi and Suzuki 2005; Mayor et  al. 1994; Tanaka et  al. 
2010). It has been unknown whether these secondary non-cross-linked raft elements 
can be recruited to clusters of raft-associated molecules. Simultaneous two-color 
single-molecule observations of CD59 and non-cross-linked ganglioside probes 

(c)

12 ms

40 ms
48 ms

CD59
monomers

CD59 homodimer
raft (160 ms)

CD59-cluster
signaling

raft (stable)

Ganglioside
 (GM3 and GM1)

Cholesterol

500 nm

(a)

(b)

Red: 594-GM1  Green: CD59

2.5 µm

Frame 1

Frame 1

Frame 1

Frame 11
Frame 11

Frame 11

1

7 8 10 119

2 3 4 5 6

Fig. 3.5  Single-molecule imaging of 594-S9-GM1 and CD59. (a) Typical image sequence of a 
594-S9-GM1 (red spots) and two CD59 molecules (green spots) in CHO-K1 cell PMs. CD59 
formed homodimers between frames 6 and 9, and a 594-GM1 molecule was co-localized with the 
CD59 homodimer between frames 6 and 8. (b) Trajectories of the molecules shown in (a). (c) 
Schematic figure showing the transient interaction of gangliosides (GM1 and GM3) with CD59 
monomers, transient homodimer rafts, and CD59 cluster-signaling rafts lasting for 12, 40, and 
48 ms, respectively
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have shown that non-cross-linked gangliosides are transiently recruited to CD59 
monomers, CD59 homodimers, CD59-cluster signaling rafts, and large CD59 
patches. These results are in good agreement with those of another study showing 
that mGFP-GPI dimers induced by a monoclonal antibody transiently recruited 
other non-cross-linked GPI-anchored proteins (Huang et al. 2015).

3.5.5  �Evaluation of the Temporal Confinement of Ganglioside 
Probes

It has been reported that ganglioside probes are temporarily confined in small 
domains in cell PMs for 10~20 ms, whereas control non-raft phospholipid probes 
scarcely exhibited TALL (Eggeling et al. 2009; Honigmann et al. 2014; Lenne et al. 
2006; Sahl et al. 2010; Wenger et al. 2007). In these previous studies, the time frac-
tion of temporal confinement of raft lipid probes was reduced after cholesterol 
depletion. However, as mentioned above, the ganglioside probes used in these ear-
lier works partitioned into non-raft fractions, such as the non-DRMs and Ld phase 
(Sezgin et al. 2012; Komura et al. 2016). Therefore, we investigated whether our 
new ganglioside probes partitioned into the raft fraction or were confined to small 
domains in the cell PMs. To accomplish this, we carried out single-molecule imag-
ing of 594-S9-GM1, 594-S9-GM3, and 594-DOPE at 0.5 ms intervals at 23°C in 
PtK2, CHO-K1, T24, and NRK cell types. The TALL of a variety of gangliosides 
was measured by previously developed methods (Sahl et al. 2010) that were further 
refined through our studies (Suzuki et al. 2012).

The time fractions in which diffusion was confined in small and immobile mem-
brane domains for longer than 5 ms were rarely detected for all the gangliosides and 
non-raft phospholipids in four types of cells (T24, CHO-K1, NRK and COS7). The 
proportions of time spent in the 100-nm-diameter domains were estimated to be 
1.7~3.1% for 594-S9-GM1 and GM3 and 4.6~5.2% for 594-DOPE in each of the 
four cell types. These results explicitly demonstrate that our new GM1 and GM3 
probes are excellent raft markers and scarcely spent time trapped in small immobile 
membrane domains for longer than 5 ms. This result was also supported by a recent 
study that new sphingomyelin (SM) and distearoyl phosphatidylcholine (DSPC) 
probes, which are extremely good raft markers, also hardly exhibited TALL in small 
and immobile membrane domains (100 nm in diameter) when evaluated by high-
speed observations at 0.5  ms resolution (Kinoshita et  al. 2017), which was per-
formed by using a specially designed CMOS sensor-based camera (Photron). 
However, these results are apparently inconsistent with some previous findings. 
(Eggeling et al. 2009; Honigmann et al. 2014; Lenne et al. 2006; Sahl et al. 2010; 
Wenger et al. 2007). For example, Sahl et al. (2010) reported that their SM probe 
(ATTO647N-SM) had a TALL with a lifetime of 17 ms and the time fraction the 
probe spent in small, immobile domains was approximately 70% (with an apparent 
trapped domain 12  nm in diameter) in the basal PMs of PtK2 cells. A non-raft 
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unsaturated phospholipid probe (ATTO647N-DOPE) only exhibited TALL with a 
lifetime of 3 ms, and the time fraction spent in small, immobile domains was 30% 
(with an apparent trapped domain 22  nm in diameter). We employed the same 
method as Sahl et al. (2010) to detect TALL using various means but were only able 
to determine a short period of TALL (Komura et al. 2016; Kinoshita et al. 2017).

We also incorporated the lipid probes into cell PMs without bovine serum albu-
min (BSA) and observed single molecules in cell PMs with low confluency (less 
than 50%). This was only possible when the fluorophore of the probe was hydro-
philic and negatively charged because ganglioside probes containing hydrophobic 
dyes strongly bind to glass surfaces, irrespective of the use or not of BSA (our 
unpublished result). In addition, the confluency of PtK2 cells used by Sahl et al. 
(2010) was much higher (cells were seeded at 80% confluency, and lipid probes 
were observed at 100% cell confluency). Since PtK2 cells form tight junctions at 
high confluences (Ando-Akatsuka et al. 1996), lipid probes added from cell apical 
sides accumulate in the apical membrane and are rarely observed in the basal mem-
branes (our unpublished data). Since Sahl et al. (2010) observed diffusion of their 
ganglioside probes at the basal membranes, the lipid composition and membrane 
structures they observed may be different from those examined in our study. This 
may be one of the reasons our results are at odds with Sahl et al. (2010).

A large fraction of the trajectories of ganglioside probes was categorized as sim-
ple Brownian diffusion when observed at 0.5-ms resolution (Komura et al. 2016). 
However, when we observed diffusion of single molecules of lipids and transmem-
brane proteins at higher resolution such as 25 μs/frame, the trajectories were catego-
rized to a different type of motion. When observed at 25 μs/frame, the molecules 
underwent temporary confinement in a boundary region of the membrane with an 
average diameter of 30–230 nm. This confinement was interrupted by infrequent 
“hops” (1–50 ms) to adjacent yet still temporary regions that we have termed com-
partments (Kusumi et al. 2005; Suzuki et al. 2005). We have termed this behavior 
“hop diffusion” as the membrane molecules undergo macroscopic diffusion by 
“hopping” to adjacent compartments, although they freely diffuse within a compart-
ment. In future work, we will investigate the interactions between gangliosides, 
rafts, and membrane structures in more detail by observations at greater time 
resolution.

3.6  �Conclusion

Ganglioside probes that partition into raft domains (DRM, Lo-like domains, and 
CD59 patches) and bind to proteins with similar affinity as the parental molecules 
were developed by an entirely chemical-based synthesis method after extensive 
efforts. The conjugation of hydrophilic fluorescent dyes at the appropriate positions 
within gangliosides is critical for retaining their properties. Hydrophobic dyes dis-
turb the partitioning of the ganglioside probes into raft domains and induce non-
specific binding to the glass surface, as reported previously (Zanetti-Domingues 
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et  al. 2013). Single-molecule imaging revealed that the fluorescent ganglioside 
probes we developed were temporarily recruited to CD59 monomers, short-lived 
homodimeric CD59 cluster-signaling rafts, and large antibody-induced CD59 
patches. This is the first direct evidence that gangliosides dynamically associate 
with a GPI-anchored protein in a cholesterol-dependent manner without cross-
linking of gangliosides. Such findings would not have been possible without natu-
rally behaving fluorescent ganglioside analogues and single-molecule imaging.

Gangliosides play important roles in various physiological functions, including 
the regulation of receptor activity. However, the specific mechanisms in these roles 
are still unknown in living cell PMs because gangliosides have never been directly 
observed in living cell PMs owing to a lack of functional analogues. The new fluo-
rescent ganglioside analogues we developed will facilitate studies to elucidate such 
mechanisms.
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Chapter 4
MALDI Mass Spectrometry Imaging 
of N-Linked Glycans in Tissues

Richard R. Drake, Connor A. West, Anand S. Mehta, and Peggi M. Angel

Abstract  Matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has been used for two decades to profile the glycan 
constituents of biological samples. An adaptation of the method to tissues, MALDI 
mass spectrometry imaging (MALDI-MSI), allows high-throughput spatial profil-
ing of hundreds to thousands of molecules within a single thin tissue section. The 
ability to profile N-glycans within tissues using MALDI-MSI is a recently devel-
oped method that allows identification and localization of 40 or more N-glycans. 
The key component is to apply a molecular coating of peptide-N-glycosidase to 
tissues, an enzyme that releases N-glycans from their protein carrier. In this chapter, 
the methods and approaches to robustly and reproducibly generate two-dimensional 
N-glycan tissue maps by MALDI-MSI workflows are summarized. Current 
strengths and limitations of the approach are discussed, as well as potential future 
applications of the method.

Keywords  Formalin-fixed paraffin-embedded tissue · Fucosylation · Glycomics · 
Glycoprotein · MALDI imaging mass spectrometry · N-linked glycosylation · 
Sialylation
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FFPE	 Formalin-fixed paraffin-embedded
FT-ICR	 Fourier transform ion cyclotron resonance
Fuc	 Fucose
GlcNAc	 N-acetylglucosamine
GnT-III	 N-acetylglucosaminyltransferase 3
GnT-IV	 N-acetylglucosaminyltransferase 4
GnT-V	 N-acetylglucosaminyltransferase 5
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Hex	 Hexose (e.g., mannose, glucose, galactose)
HexNAc	 N-acetylhexosamine (e.g., N-acetylglucosamine or 

N-acetylgalactosamine)
LacNAc	 Lactosamine (galactose and N-acetylglucosamine 

disaccharide)
MALDI-TOF MS	 Matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry
Man	 Mannose
MS	 Mass Spectrometry
MSI	 Mass spectrometry imaging
NeuAc	 N-acetylneuraminic acid (sialic acid)
NeuGc	 N-glycolylneuraminic acid
PNGaseF	 Peptide-N-glycosidase F
TFA	 trifluoroacetic acid
TMA	 Tissue microarray

4.1  �Introduction

MALDI-MSI methods have been routinely utilized for spatial profiling and identi-
fication of proteins, lipids, and small metabolites directly in tissue (Angel and 
Caprioli 2013; Baker et al. 2017; Berin and Boughton 2017; Cornett et al. 2007). In 
2013, our group was the first to report the use of MALDI-MSI to profile N-linked 
glycans in frozen tissues (Powers et al. 2013), followed by application of the method 
to formalin-fixed paraffin-embedded (FFPE) tissue blocks and tissue microarrays 
(TMA) (Powers et al. 2014; Drake et al. 2017). The key to the approach is the spray-
ing of a molecular layer of recombinant peptide N-glycosidase F enzyme (PNGaseF) 
on the tissue of interest. After digestion and spraying of chemical matrix, the 
released N-glycans are detected by MALDI-FT-ICR MS or MALDI-TOF MS 
(Drake et al. 2017). Different imaging software options are used to visualize the 
two-dimensional distributions of individual N-glycans to specific histopathology 
regions and features within normal and diseased tissues. In addition to studies from 
our laboratories in cancer tissues (Powers et al. 2014, 2015; Drake et al. 2017) and 
cardiac tissues (Angel et  al. 2017a), other groups have successfully used the 
approach to profile N-glycans in cancer (Everest-Dass et al. 2016) and noncancer 
tissues (Briggs et al. 2016; Gustafsson et al. 2015).

As the method has matured, several advantages of the approach are emerging, as 
well as continued challenges. The ability to use FFPE tissues and TMA obtained 
directly from pathology services and/or archives in biorepositories allows for analy-
sis of unlimited sample options, especially for most types of cancers. The require-
ment for PNGaseF to release the N-glycans results in signal detection that is 
dependent on enzyme activity, making selection of N-glycans in the spectra straight-
forward. No purification and enrichment of the glycans are required prior to analy-
sis. For most tissue samples analyzed thus far, 30 or more glycans are detected using 
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standard MALDI-TOF instruments (Heijs et al. 2016; Holst et al. 2016) and 45 or 
more per sample when using a MALDI-FT-ICR instrument (Drake et al. 2017). This 
in turn facilitates the generation of different glycan panels associated with specific 
histopathology features and tissue subregions useful for differentiation of disease 
from normal regions. There are still limitations associated with MALDI analysis of 
N-glycans, such as loss of sialic acid residues and differentiation of isomeric struc-
tures. Some progress has been made in addressing these limitations as applied to 
MALDI-MSI of tissues, and these will be discussed in this chapter along with 
example data. A summary of the optimized techniques used for MALDI-MSI of 
N-glycans will be provided with example data, along with protocol and trouble-
shooting notes for new users. Lastly, a summary of new instrumentation options and 
potential for developing new clinical diagnostics using the method will be described.

4.2  �Characterization of Tissue N-Glycans by MALDI-FT-
ICR MS and MALDI-TOF MS

The MALDI-MSI workflows build on decades of research using MALDI-TOF MS 
as a characterization tool for N-glycans (Harvey 1999, 2015; Nishikaze 2017). An 
experimental flowchart of the basic steps in the MALDI-MSI analysis of N-glycans 
is shown in Fig. 4.1, and specific experimental details can be found in published 
studies (Angel et al. 2017b; Briggs et al. 2017; Holst et al. 2016). Relative to elec-
trospray ionization (ESI) MS methods, the advantages of using MALDI-TOF for 
N-glycan analysis include ease of use and data interpretation, rapidity and through-
put, low cost per assay, and accessibility to instrumentation (Nishikaze 2017). For 
all MALDI analyses, one of the key considerations is chemical matrix type, which 
influences ionization properties of the N-glycans. For N-glycans, 2,5-dihydroxy-
benzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA) are the most 
commonly used in positive ion mode, with CHCA being used primarily by our 
group (Powers et al. 2014).

Fig. 4.1  A summary flowchart for the preparation and PNGaseF digestion of FFPE tissues
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Instrumentation choice is also another key factor, as there are two main groups 
of instruments for MALDI-IMS: time of flight (TOF) and Fourier transform ion 
cyclotron resonance (FT-ICR). MALDI-TOF instruments provide high throughput 
with lower mass resolution, while MALDI-FT-ICR instruments provide a higher 
mass resolution with less throughput capabilities. The mass resolution capabilities 
of MALDI-FT-ICR instruments are critical to distinguish the many isotopic peaks 
of the N-glycans, with on-tissue resolving power of 85,000–160,000, with high sen-
sitivity detection of below 200 femtomoles on-tissue. Recently, advances in instru-
mentation have resulted in commercially available high-speed MALDI-TOF 
instrumentation for high-throughput image acquisition from manufacturers like 
Bruker Daltonics, Shimadzu, and SimulTOF. These high-speed MALDI-TOF can 
perform MS tissue imaging with a 50x increase in speed over the MALDI-FT-ICR 
MS without oversampling (Ogrinc Potočnik et al. 2015). As an example, a compari-
son of one of these new high-speed instruments, the rapifleX MALDI-TOF and 
MALDI-FT-ICR, is shown in Fig. 4.2 for N-glycan imaging analysis of the same 
esophageal cancer tissue for a complex bi-antennary N-glycan. High-speed MS 
imaging should allow for faster 3D spatial rendering of a tissue, as well as potential 
clinical laboratory applications.

4.2.1  �Protocol Notes

–– Antigen retrieval of FFPE samples prior to PNGaseF was adapted directly from 
routine tissue slide protocols used in immunohistochemistry analyses. We have 
found that a low-cost vegetable steamer available at many retail stores works 
well for the heating steps during antigen retrieval (Angel et al. 2017b).

–– For PNGaseF enzyme, be sure that there are minimal additives in the buffer (e.g., 
stabilizers, detergent) and low salt to minimize potential ion suppression effects.

Fig. 4.2  High-speed MALDI-TOF (rapifleX, Bruker) versus MALDI-FT-ICR (solariX Bruker) 
IMS for N-linked glycans for serial esophageal cancer tissue. RapifleX IMS data (left panel) was 
acquired at a 50 μm spatial resolution in 2.5 h and SolariX IMS data (right panel) at a 200 μm 
spatial resolution in 4.1 h. For glycans, red triangle, fucose; blue square, N-acetylglucosamine; 
green circles, mannose; yellow circles, galactose; and purple diamonds, sialic acid
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–– A key to MALDI-MSI is the spraying of a thin layer of PNGaseF for digestion 
and a thin layer of matrix. The automated solvent sprayers typified by those 
available from HTX Imaging and SunChrom provide reproducibility from sam-
ple to sample, as well as optimization of signal detection parameters.

4.3  �Structural Classes of Tissue N-Glycans Detected 
by MALDI-MSI

There are many diverse types and structural classes of N-glycans that are readily 
detected from tissues by MALDI-MSI. Evaluation of structures is done based on 
motif and context of the N-linked glycan biosynthesis and processing pathways. A 
summary of the major components of these pathways is shown in Fig.  4.3. The 
diversity of the many possible N-glycan structures that are attached to glycoproteins 
is the result of a series of sequential glycosidase and glycosyltransferase reactions 
(reviewed in Rini et al. 2009; Stanley et al. 2009). After transfer of a lipid-linked 
precursor oligosaccharide co-translationally to a glycoprotein carrier, the glycan is 
trimmed sequentially in the ER and cis-Golgi by glucosidases and mannosidases to 
Man5GlcNAc2, which serves as the precursor to complex, branched, and hybrid 
glycan structures (see Fig.  4.3). Glycans that are not processed or incompletely 

Fig. 4.3  Summary of biosynthesis of N-linked glycans. For glycans, red triangle, fucose; blue 
square, N-acetylglucosamine; green circles, mannose; yellow circles, galactose; purple diamonds, 
sialic acid
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processed by the mannosidases are termed high-mannose glycans, containing 5–9 
mannose residues (Man5–9GlcNAc2). To generate complex glycans, Man5GlcNAc2 
is processed by a series of N-acetylglucosaminyltransferases to generate an initial 
bi-antennary complex glycan. Fucosyltransferase 8 (FUT8) catalyzes the addition 
of α1,6-linked fucose residues to the first GlcNAc residue bonded with asparagine 
on the glycoprotein (termed core fucosylation). Triantennary complex glycans are 
generated from the activity of N-acetylglucosaminyltransferase IV (GnT-IV), which 
adds a β1,4 GlcNAc branch, and tetra-antennary complex glycans are generated in 
turn from the activity of N-acetylglucosaminyltransferase V (GnT-V), which adds a 
β1,6 GlcNAc branch. N-acetylglucosaminyltransferase III (GnT-III) is an additional 
enzyme that transfers a bisecting GlcNAc residue onto the complex glycan (Fig. 4.3). 
In the trans-Golgi, further glycans are added to bi-, tri-, or tetra-antennary structures 
by the activity of different galactosyltransferases, fucosyltransferases (Schneider 
et al. 2017), and sialyltransferases (Pearce and Läubli 2016). Another common type 
of complex structure that is detected in many tissues is polylactosamine (LacNAc) 
glycans (Bern et al. 2013; Kinoshita et al. 2014) (Fig. 4.3). In unpublished studies, 
our group has detected by MALDI-FT-ICR structures containing as many as 5 
LacNAc disaccharides on a tetra-antennary structure.

Improving and verifying detection of these many types of glycan structures has 
required much optimization. Thus far, structures containing mannose, galactose, 
glucose, N-acetylglucosamine, fucose, and sialic acids have been readily detected in 
mammalian tissues. In general, the base structures in regard to mannose, GlcNAc, 
and galactose content are easiest to detect in tissues. These same structures with a 
core fucose are also readily detectable, which was confirmed by on-tissue CID 
using the MALDI-FT-ICR MS (Powers et al. 2014). Other possible modifications 
that include sulfation, phosphorylation, and N-acetylgalactosamine can be detected 
but still require further optimization strategies to facilitate their routine detection. 
Xylose and other sugar modifications associated with N-glycans present in plants 
and other nonmammalian organisms remain an under-evaluated area of study in 
regard to MALDI-MSI approaches. Detection of branched N-glycans with multiple 
fucose and sialic acid constituents presents their own challenges in regard to stabil-
ity, identification, and isomeric structures. In the next sections, observations and 
optimization strategies for different classes of N-glycans are presented.

4.3.1  �Protocol Notes

–– Using the preparation protocols noted for both frozen and FFPE tissues followed 
by MALDI-TOF MS, the glycans are detected as sodiated species, so an addi-
tional 22 m.u. (i.e., M + H/M + Na) for MALDI is included and reported for each 
total glycan mass. Additional sodium ions were detected with each sialic acid 
present. This shift in mass associated with sodium atoms can be used to distin-
guish single sialylated glycans (291 m.u. plus Na) from those with two fucose 
residues (292 m.u., no extra Na).
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–– The MALDI-FT-ICR configuration is most advantageous for identifying as many 
N-glycans present in a given tissue sample. The high mass accuracy, sensitivity, 
and isotope patterns that can be detected for each N-glycan are critical features 
provided for each N-glycan imaging analysis. This resolution and sensitivity 
comes at the cost of analysis time and data file sizes.

–– Another advantage of using the MALDI-FT-ICR instrument is the ability to per-
form collision-induced dissociation (CID) on glycans directly from tissue. Ions 
of interest can be specifically isolated in a quadrupole followed by subsequent 
CID. The CID energies used primarily release constituent glycans intact, and not 
with cross-ring fragmentation (Powers et al. 2014). Released glycan masses rep-
resent hexoses (162.053 m.u.), HexNAc (203.079 m.u.), sialic acid (291.095 m.u.), 
fucose (146.058  m.u.), fucose-HexNAc (349.137  m.u.), and Hex-HexNAc 
(365.132 m.u.).

–– It is important to confirm the N-glycan structures determined by MALDI-MS 
imaging using other carbohydrate analysis tools like lectins or glycosidase diges-
tions with HPLC (Powers et al. 2015). Correlative LC-MS identification meth-
ods for N-glycans from adjacent tissue slices are helpful in further defining 
structural features (Briggs et al. 2017; Holst et al. 2016).

4.4  �N-Linked Glycans Associated with Cancer and Cell 
Proliferation

MALDI-MSI applied to FFPE tumor tissue slides is very effective for identifying 
N-glycans that are localized to regions of tumor (Drake et al. 2017). Example MS 
images of the most abundant type of N-glycans detected in prostate cancer tissues 
are shown in Fig. 4.4. The first two structures in this figure represent high-mannose 
glycans. While N-glycans with high-mannose structures (GlcNAc2-Man5–9) repre-
sent an early stage in normal biosynthetic processing, as in Fig. 4.2, these high-
mannose glycans are frequently detected in high abundance in most all solid tumor 
tissues analyzed by MALDI-MS imaging (Drake et al. 2017; Powers et al. 2014; 
Everest-Dass et al. 2016; Holst et al. 2016; Heijs et al. 2016). For normal biosynthe-
sis, the high-mannose structures are degraded by mannosidases to only three man-
nose residues and then further processed to complex N-glycans. In tumor cells, it is 
apparent that high-mannose structures are bypassing normal ER and Golgi glycan 
processing. In sera from prostate cancer patients, autoantibodies to high-mannose 
N-glycans have been reported (Wang 2012; Wang et al. 2013), and specific C-type 
lectin receptors, especially in liver and on macrophages, are known to bind to them. 
Also in tumor tissues, glycan structures with three or less mannose residues, with 
and without core fucose, are termed pauci-mannose glycans, which are also readily 
detected on secreted glycoproteins and on the cell surface (Loke et  al. 2016; 
Nyalwidhe et  al. 2013). Defining the functional roles of high-mannose and 
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pauci-mannose N-glycans and their glycoprotein carriers is at the nexus of under-
standing basic tumor biology, glycoprotein processing, and tumor immunity.

The other main structural classes of tumor N-glycans detected are the representa-
tive tetra-antennary structures shown in Fig.  4.4. These tetrasaccharides are the 
result of GnT-V activity, and the increase in β1–6 GlcNAc branching of N-linked 
glycans is associated with the metastatic phenotype of multiple cancer types (Miwa 
et al. 2012; Pinho and Reis 2015; Schultz et al. 2012; Taniguchi and Kizuka 2015). 
Structurally, increased branching of glycans in cancers is typified by increased 
detection of sialyl Lewis X and sialyl Lewis A antigens, as well increases in poly-
lactosamine modifications. These structures in turn are recognized by selectins and 
other carbohydrate lectins expressed on different tissues involved with immune cell 
binding and innate immunity and, in the case of extravasation, binding to cells in 
distant organ/tissue sites.

4.4.1  �Protocol Notes

–– It is critical to have a pathologist involved in studies to confirm the location and 
presence of tumor in a given sample. It is the ability to directly overlay the 
N-glycan distributions directly by MALDI that provides the location of glycans 
associated with tumor and non-tumor regions.

Fig. 4.4  Common tumor N-linked glycans. Shown are representative N-glycans associated with 
prostate tumors, including high-mannose (Man6 and Man8) and tetra-antennary N-glycans with 
zero, one, and two outer arm fucoses and/or a LacNAc
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4.5  �N-Linked Glycans Most Commonly Associated 
with Tissue Stroma Regions

The most abundant and easily detectable glycans by MALDI-MSI are those repre-
sented in the central portion of the biosynthetic pathway shown in Fig. 4.3, repre-
senting the spectrum from high-mannose to sialylated bi-antennary structures, with 
and without the core fucose. This statement is based on peak intensity comparisons 
across hundreds of tissues analyzed by MALDI-MSI. Core-fucosylated bi-antennary 
glycans are frequently the most abundant N-glycans detected in areas of tissue con-
taining smooth muscle and collagen, while bi-antennary glycans lacking core fucose 
are found in the adjacent stroma areas (an example is shown in Fig. 4.5). In a given 
tissue, these glycans can be detected in tumor regions, but not with the frequency 
observed for the high-mannose and branched chain glycans. Because their molecu-
lar masses range from 1100 to 2100 daltons, these stroma glycans are easily detect-
able by MALDI-TOF, with Hex5HexNAc4, Hex4HexNAc4Fuc1, 
Hex5HexNAc4Fuc1, Hex5HexNAc4NeuAc1, and Hex5HexNAc4Fuc1NeuAc1 
glycans being the most abundant detected from tissues.

Fig. 4.5  Stabilization of sialic acids by in-tissue ethyl esterification. Ethyl esterification (EE) was 
adapted from a published protocol (Holst et al. 2016) for a prostate cancer FFPE tissue and ana-
lyzed by MALDI-FT-ICR IMS. Shown are the examples for a mono-sialylated core fucose bi-
antennary glycan, without EE (left panel) or with EE for α2,6 (+28 amu) (middle panel) or α2,3 
(+18 amu) (right panel) linkages
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4.6  �Stabilizing Terminal Sialic Acids for MALDI Analysis

N-glycans containing a terminal sialic residue in either α2,3 or α2,6 linkages are 
common tissue components and readily detectable by MALDI-MSI.  A well-
described complication in the detection of sialylated glycans by MALDI is their 
well-known lability due to in-source decay during the ionization process, especially 
in positive ion mode. The negative charge also leads to different Na salt adducts and 
lowered sensitivity (Reiding et  al. 2014). When native glycans are analyzed by 
MALDI-TOF MS, modifications like permethylation or amidation that stabilize and 
help ionize sialic acid containing glycans are routinely used (Bern et  al. 2013; 
Sekiya et al. 2005). For free glycans derived from fluids or cells, these common 
chemical modification methods require organic solvents and the need to separate 
reaction products, thus they are not feasible for on-tissue derivatization or mainte-
nance of spatial distributions. An ethyl esterification approach that differentially 
modifies α2,3- or α2,6-linked sialic acids (Reiding et  al. 2014) was adapted to 
MALDI-MSI for N-glycans in FFPE tissues, allowing distinct tissue distributions of 
sialylated glycans with both isomers to be determined (Holst et al. 2016). Relative 
to the unmodified parent sialylated glycans, an ethylation reaction results in an 
increase in 28 amu when an α-2,6 linkage is involved, and when an α-2,3 linkage is 
involved, a lactonization reaction will occur with a decrease of 18 amu. These mass 
shifts are easily detectable by MALDI-TOF MS and MALDI-FT-ICR MS.

Example MALDI-FT-ICR MSI N-glycan data for an ethyl esterified prostate 
cancer FFPE tissue using an adapted protocol from Holst et al. is shown in Figs. 4.5 
and 4.6. In Fig. 4.5, images for a core-fucosylated bi-antennary glycan with one 
sialic acid (Hex5HexNAc4Fuc1NeuAc1) are shown without modification and with 
both α2,6 and α2,3 linkages. In particular for MALDI-MSI of tissues, detection of 
glycans with more than one sialic acid has proven difficult. This is effectively illus-
trated in the non-ethyl esterified image examples shown in Fig. 4.6 for three gly-
cans: a Hex5HexNAc4NeuAc1, a Hex5HexNAc4NeuAc2, and a 
Hex6HexNAc5NeuAc3. The mono-sialylated glycan is readily detected by MALDI-
FT-ICR MSI (top panel), as also evident in Fig. 4.5. However, without stabilization, 
it is clear that detection of the di-sialylated is decreased relative to the mono-
sialylated glycan and the tri-sialylated glycan is undetectable. Ethyl esterification 
stabilization greatly facilitates detection of these multi-sialylated glycans (Fig. 4.6).

4.6.1  �Protocol Notes

–– The MALDI-FT-ICR instruments incorporate a cooling nitrogen gas stream 
within the source that can decrease sialic acid cleavage (O’Connor and Costello 
2001), but it does not fully eliminate the problem (powers et al. 2013). Sialic acid 
derivatization and stabilization are still the most effective way to maximize 
detection of sialylated glycans by MALDI-IMS.
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–– These derivatization protocols represent an active area of research that is still 
evolving. The initial approach has proven to be robust and adaptable to different 
FFPE tissues. We have found that doing the chemical reactions in tissues prior to 
antigen retrieval and PNGaseF release allows extensive rinsing after reactions 
and more flexibility in the type of reactions that can be done while maintaining 
spatial localization as the N-glycans are still attached to the protein structure. 
Doing these modifications in fresh tissue is likely to result in other detection and 
side-reaction challenges and remains to be optimized.

Fig. 4.6  Stabilization of multi-sialylated tissue glycans by ethyl esterification. MALDI-FT-ICR 
IMS data from the same ethyl esterified prostate tissue prepped as in Fig. 4.5 is shown for mono-, 
di-, and tri-sialylated bi-antennary glycans. Images in each panel on the left side represent non-
ethyl esterified glycans, and the right side images are after EE. Also shown for the EE examples 
are the α-2,6 sialic acid linkage structures
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4.7  �Glycan Isomers and Fucosylation

The glycan structures shown in Fig. 4.3 for the different tri- and tetra-antennary 
fucosylated and sialylated glycans are compositional representations of what each 
glycan could be, and these do not account for the many different anomeric glycan 
linkages that are possible. Distinguishing these structural isomers has always been 
a challenge for mass spectrometry analysis of N-glycans and especially for 
MALDI-MS approaches. While accurate masses and glycan compositions can be 
easily determined, the location and anomeric linkages associated with fucose and 
sialic acid modifications are difficult to establish. The ethyl esterification examples 
highlight that multiple α2,6- or α2,3-linked sialic acids can be detected, but this still 
does not identify which branch of the glycan is occupied. For fucose modifications, 
this is particularly challenging as there are 13 known fucosyltransferase (FUT1–13) 
genes (Schneider et al. 2017), and fucose residues can be attached via α1,2 (FUT1,2), 
α1,3 (FUT3,4,6,7,9,10,11), or α1,4 (FUT3) linkages for outer arm modifications or 
α1,6 for core fucosylation linkages (FUT8). There are no differences in masses for 
these fucose linkages, and using MALDI-MS approaches, the presence of two or 
more fucose residues precludes identification of the specific linkages or which arm 
of the glycan the attachment occurs. There are two approaches that we expect can 
begin to address these fucosylation challenges in the context of MALDI-MSI work-
flows. One is the use of ion mobility MS instruments, which measures the mobility 
of gas-phase ions through an electric field in the presence of a buffer gas. The mobil-
ity of ions is based on their charge, shape, and size, and the method is increasingly 
being applied to the separation of glycan isomers (Fenn and McLean 2011; Gray 
et al. 2016), as well as imaging MS (Škrášková et al. 2016). The second approach is 
based on the ability to effectively spray enzymes on tissue (analogous to PNGaseF). 
Linkage-specific fucosidases could be applied to tissues, before PNGaseF digestion 
for comparative analysis with non-fucosidase treated tissues. This is feasible if the 
linkage specificity of the fucosidase is established, an area that still needs improve-
ment and demonstration for the glycomic field in general.

4.7.1  �Protocol Notes

–– Using the MALDI-FT-ICR instrument, collision-induced dissociation (CID) of 
N-glycans under 2300 m.u. can be used to effectively distinguish core-fucosylated 
glycans (Powers et  al. 2014) based on disaccharide fragmentation patterns. 
Demonstrating this for multi-fucosylated glycans has not been reported.
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4.8  �Current and Emerging Applications of N-Glycan Tissue 
Imaging

Our laboratories have cumulatively evaluated over 1000 different human tissue 
samples from multiple organ types using the basic PNGaseF digestion and 
MALDI-MS imaging workflows described herein. These methods have also been 
applied to animal models used in biomedical research, allowing studies on mecha-
nisms and therapeutics that influence N-glycosylation changes over a wide range of 
applications including cancer treatments, transplant optimization, and cardiovascu-
lar diseases. Based on this experience, there are several research applications that 
we have identified, summarized in Fig. 4.7, grouped as different color codes. The 
major application of the technique is linked with the core premise of using an MS 
imaging approach for analysis of tissues, i.e., determine the location and number of 
N-glycans in a given tissue (Fig.  4.7, green panel). This data is linked with 

Fig. 4.7  Application options for the N-glycan MALDI-MSI method. Different current and future 
applications of the method are summarized in four color-coded groups: (1) Tissue localization and 
disease biomarkers (green panels), (2) glycoproteomic and glycomic analyses (blue panel), (3) 
Genomic and metabolomic correlates (orange panel), and (4) potential applications to plant, 
microbial, and other nonmammalian systems (pale yellow panel)
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histopathology correlates of the tissue, which can be standard pathology stains like 
hematoxylin and eosin or immunohistochemical stains of specific protein targets. 
Also inherent in this determination is a list of N-glycans associated with different 
tissue regions that can be used as potential biomarker panels when multiple tissues 
are analyzed. This is particularly amenable to screening of many samples using tis-
sue microarrays (Drake et  al. 2017). The rapid analysis capabilities of the high-
speed MALDI-TOF instrumentation in turn can be adapted to clinical chemistry 
laboratory assays as possible diagnostics. Emerging capabilities in this grouping 
include the ability to link molecular glycan data for specific tissue slices co-regis-
tered with clinical images obtained by magnetic resonance imaging. Determining 
3D MS imaging of N-glycans in a given tissue remains to be reported, but it is cer-
tainly feasible and will be done in the near future.

Highlighted in the second panel of Fig. 4.7 (blue) are applications related to the 
analysis of N-linked glycoproteins and other types of complex carbohydrates. The 
tissue N-glycans described herein were all released by PNGaseF from a protein car-
rier. Therefore, the presence of N-glycans detected by MALDI-MSI in a particular 
tissue location, e.g., in a tumor region, also informs on tumor-specific glycopro-
teins. Identifying these glycoprotein carriers are also of great interest, and thus the 
glycan distribution tissue profiles can be used as localization maps. The most direct 
approach would be to target regions of interest for digestion with trypsin, followed 
by extraction and enrichment of glycopeptides from these regions. The biggest limi-
tation of this approach is the minimal amount of glycopeptides that are extractable 
from small focal areas of a thin tissue slice. A current alternative approach is to use 
MS imaging of peptides in situ, combined with extracted peptide sequencing iden-
tification, to map protein expression to tissue localization. This distribution map of 
the peptides can be combined with the N-glycan map to correlate areas of overlap 
(Angel et al. 2017b). Recent studies (Angel et al. 2017b; Heijs et al. 2016) describe 
a sequential approach, one in which a FFPE tissue is first treated with PNGaseF to 
release N-glycans, which are then imaged, followed by trypsin digestion of the 
same tissue and peptide imaging. An adjacent tissue slice is treated similarly, but 
glycans and peptides are extracted for tandem MS analysis and peptide sequencing. 
A new MALDI imaging approach that uses collagenase digestion to map the distri-
bution of collagens and extracellular matrix proteins (Angel et al. 2017c) could also 
be applicable with PNGaseF analyses. Alternatively, other carbohydrate digestion 
enzymes could be applied to tissues to map fine structures of heparan sulfates or 
chondroitin sulfate.

The third panel in Fig. 4.7 (orange) highlights the connection of N-glycans to 
their underlying genetic control and metabolic pathways. The different N-glycans 
shown in the biosynthetic schematic in Fig. 4.3 are the result of the sequential activ-
ity of glycosyltransferases and glycosidases. It is feasible that the activity of these 
enzymes is controlled at the transcriptome level or other genomic components, 
which in turn regulates the composition of the N-glycome in each region 
(Neelamegham and Mahal 2016). A previous study comparing the transcriptome of 
glycan biosynthetic genes in different mouse organs with the most abundant 
N-glycans detected in each tissue determined that the levels of many transcripts 
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could be correlated with the levels of specific glycan structures (Nairn et al. 2008). 
Several studies have been published that have evaluated the transcriptome profiles 
of glycan biosynthesis genes to predict what glycan structures would be present 
(Kawano et al. 2005), including glycosylation reaction network analysis strategies 
(Liu and Neelamegham 2014; Neelamegham and Mahal 2016). The N-glycome is 
also linked to basic glucose and N-acetylglucosamine metabolism via the hexos-
amine biosynthetic pathway (Ryczko et al. 2016). There are now comprehensive 
metabolomic networks available for tissue metabolites following in vivo 13C-glucose 
labeling (Bruntz et al. 2017), which can readily be linked to metabolic precursors of 
N-linked biosynthesis and the related hexosamine pathway. Additionally, there is an 
increasing number of genetic mouse models emerging from CRISPR/Cas9 technol-
ogy, as well as related models with organ-specific inducible regulation. The ability 
to examine individual organs that have gene knockout or knock-ins, or multiple 
organs from full knockout mice, represents many new opportunities to evaluate the 
role of glycosylation in these models. In addition to glycosyltransferases and glyco-
sidase genes, any gene target that is linked to glycan metabolism, glycoproteins, and 
extracellular matrix proteins can potentially affect the N-glycome in these models. 
It is feasible to now link multiple genetic models with comprehensive transcriptome 
and metabolome information to evaluate the effect of the N-glycome in target 
tissues.

The last panel in Fig. 4.7 represents the vast opportunity to apply this approach 
to nonmammalian samples. Descriptions of N-glycan imaging by MSI have yet to 
be reported for any other species beyond human and rodent tissues. Beyond evalua-
tion of different plants, amphibians, or reptiles, there is an opportunity to evaluate 
the effect that microbial infections or microbiome constituents have on the gly-
comes of affected tissues. It is expected that application and adaptation of the gly-
can imaging workflow to these systems will provide important new information 
about the diversity, distribution, and localization of novel N-glycomes.
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Chapter 5
Isomeric Separation and Characterisation 
of Glycoconjugates

Kathirvel Alagesan, Arun Everest-Dass, and Daniel Kolarich

Abstract  Individual monosaccharides can be linked in a variety of different com-
binations to form complex glycoconjugates. In contrast to DNA and proteins, gly-
coconjugate synthesis does not follow any template but is the consequence of the 
concerted action of various enzymes such as transferases and glycosidases. Thus, 
tools for glycoconjugate sequencing need to differentiate individual monosaccha-
ride identity, linkage and anomericity to investigate and understand glycoconjugate 
function. In this chapter we provide a concise overview on the most commonly used 
and robust tools to separate and characterise glycoconjugate isomers.

Keywords  Glycomics · Glycoproteomics · N-glycan · O-glycan · Porous graphi-
tized carbon · PGC · HILIC · HPLC
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CE	 Capillary electrophoresis
DNA	 Deoxyribonucleic acid
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Gal	 Galactose
GlcNAc	 N-Acetylglucosamine
GSL	 Glycosphingolipid
HILIC	 Hydrophilic interaction chromatography
HPLC	 High-performance liquid chromatography
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IP	 Ion pairing
mAb	 Monoclonal antibody
MALDI	 Matrix-assisted laser desorption/ionisation
MS	 Mass spectrometry
NeuAc	 N-Acetylneuraminic acid
NMR	 Nuclear magnetic resonance
PGC	 Porous graphitised carbon
RNA	 Ribonucleic acid
RP	 Reverse phase

5.1  �Introduction

In comparison with genome and proteome sequencing, glycan sequencing is unique 
with intriguing challenges. First, the biosynthesis of glycoconjugates is a dynamic, 
extremely complex process that also varies among different cell types of a single 
organism. Second, glycosylation is a non-template-driven process involving a co-
ordinated expression of a cascade of various glycosyltransferases, glycosidases, 
transporters and other enzymes active in the cytosol, endoplasmic reticulum and 
Golgi apparatus and thus, cannot really be predicted (Rini and Esko 2015). However, 
knowledge gathered over the past decades of glycobiology lead to a better under-
standing of the enzymes and their genes involved in glycan biosynthesis and degra-
dation processes. Third, the mammalian glycan repertoire relies on a limited pool of 
monosaccharides, which are often stereoisomers and therefore cannot be distin-
guished by their mass alone (Cummings 2009; Seeberger 2015). This is in stark 
contrast to amino acids, where, except Leucine and Isoleucine, every amino acid is 
represented by a specific mass value. The fact that each monosaccharide contains 
multiple hydroxyl groups that can be involved in glyosidic linkages to form both 
linear and branched polymer structures with varying anomeric linkage (α and β) is 
another major difference to amino acid-based biopolymers. Unlike linear synthe-
sised molecules such as DNA/RNA (4096 for a hexamer) or peptides (6.47 hexapep-
tides), an oligosaccharide containing six hexoses can give rise to as many as ~1012 
linear and branched isomers (Laine 1994). Also, each monosaccharide unit can 
carry additional modifications such as methylation, sulphation, acetylation or phos-
phorylation, to name a few. Last but not least, glycans are often found attached to 
other biomolecules such as proteins and lipids, further contributing to the complex-
ity and functional diversity that needs to be analytically captured to study the role 
glycosylation plays for cell function in health and disease (Kolarich et  al. 2012; 
Almeida and Kolarich 2016).

Glycans play essential roles in biological and disease-related events (Varki and 
Gagneux 2015; Varki 2017; Pang et al. 2011; Wassarman 2011; Haltiwanger 2002; 
Dwek 1995; Muramatsu 1993; Fukuda 1996; Furukawa et  al. 2001; Fuster and 
Esko 2005; Ohtsubo and Marth 2006; Varki 1993; Varki and Lowe 2009; Saeland 
and van Kooyk 2011; Rudd et al. 2001), and to understand their biological func-
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tions, structure elucidation of either released oligosaccharides or their glycoconju-
gates (glycopeptides/glycoproteins/glycolipids, etc.) is a prerequisite. This has 
been a major driving force in the recent development of various sophisticated ana-
lytical tools for glycan sequencing. The functional diversity embedded in glycan 
structures is profoundly demonstrated in the case of the influenza virus. The human 
influenza virus preferentially binds to α2–6-linked sialic acid receptors, whereas 
the avian influenza virus prefers binding to α2–3-linked ones (de Graaf and Fouchier 
2014). In the context of galectins, α2–6-linked sialic acid-carrying glycoconjugates 
have been shown to be involved in blocking galectin binding and enhancing tumour 
cell survival (Schultz et al. 2012; Zhuo and Bellis 2011). These examples are just 
demonstrative for the wide range of functions that glycoconjugates are involved in, 
which makes reliable, sensitive and selective analytical techniques to study these 
even more important.

5.2  �A Summary on Glycoanalytical Techniques

From the early beginnings of glycobiology nuclear magnetic resonance (NMR) 
spectroscopy has been the gold standard to obtain detailed glycan structure informa-
tion and has paved the way to our current understanding of glycan biosynthesis 
(Duus et al. 2000). Despite recent advances to improve sensitivity and enable analy-
sis of more complex mixtures, NMR analyses remain time-consuming, still require 
comparably large amounts of sample and are essentially unsuitable for the analysis 
of complex samples or high-throughput screening of clinical samples. Over the past 
four decades, a variety of orthogonal analytical technologies have developed to be 
the backbone of today’s glycomics: capillary electrophoresis (CE), high-performance 
liquid chromatography (HPLC), mass spectrometry (MS) or combinations/varia-
tions of CE or HPLC with MS are currently the methods of choice for most glycan 
profiling approaches. They are capable of separating complex glycan and glycocon-
jugate samples, analyse the individual molecules and also, in some cases, allow the 
differentiation between structure isomers. In this book chapter, we will provide a 
short overview of the most commonly used glycan sequencing techniques with an 
emphasis on techniques that allow differentiation of isomeric glycan features.

5.3  �Liquid Chromatography Separation of Glycans

HPLC has been a widely used separation technique for glycan isomer characterisa-
tion. The multiplexing and coupling capabilities of HPLC to other analytical tech-
niques either on the front end through other chromatographic methods or back end 
to mass spectrometry (MS) or fluorescent detectors have made it a highly attractive 
separation technology that is also widely used in the biopharma field. Although 
isomer characterisation by HPLC is considered challenging, various studies have 
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shown that separation and characterisation of closely related structures can be 
achieved (Kolarich et al. 2015; Hua et al. 2013; Everest-Dass et al. 2013; Wuhrer 
et al. 2009). Classical reversed-phase (RP) HPLC separation is frequently employed 
in the analysis of glycopeptides and fluorescently derivatised glycans but is not 
suited to separate native, underivatised glycans because of their high polarity. Here, 
alternative techniques such as ion exchange (IE), porous graphitised carbon (PGC) 
and hydrophilic interaction liquid chromatography (HILIC) are the preferred meth-
ods employed by researchers around the world.

5.3.1  �Reversed-Phase Chromatography (RP)

Reversed-phase chromatography is possibly one of the most widely used separation 
techniques and can be employed to separate small molecules as well as large pro-
teins, depending on the conditions and stationary phase. As a consequence, a pleth-
ora of different RP stationary phases are available and are being developed, with 
varying molecular features and applicability for a wide variety of separations. 
Unless glycans are tagged with a hydrophobic (and usually fluorescent or UV-
absorbing) molecule or naturally attached to a more hydrophobic moiety (e.g. gly-
copeptides or glycolipids), native glycans are usually too hydrophilic to be 
adequately retained by conventional RP stationary phases. Reductive amination of 
glycans with a hydrophobic, fluorescent tag has become a standard procedure used 
by many labs around the work to enable retention and thus, separation of glycans by 
RP. A large variety of tags with different molecular features have been described 
over the past decades, such as 2-aminopyridine (2-AP), 2-aminobenzamide (2-AB) 
and 2-aminobenzoic acid (2-AA), to name a few (Fig. 5.1) (Pabst et al. 2009; Marino 
et al. 2010). A comprehensive overview of the most commonly used tags can be 
found in the work by Pabst et al., who systematically examined and compared the 
sensitivity of these tags, in particular with respect to subsequent mass spectrometric 
detection (Fig. 5.1) (Pabst et  al. 2009). While glycan retention on RP stationary 
phases is mainly mediated via the hydrophobicity of the tag, differentiation of struc-
tural isomers relies upon the individual structural features such as difference in 
position and/or linkage of a fucose residue (Fig. 5.2) (Bleckmann et al. 2011).

Ion pairing (IP) is another strategy that can be employed to retain and separate 
glycans on RP stationary phases. Charged additives in the eluting buffer act as ion 
pairing agents that increase the retention of oppositely charged analytes. This 
approach has successfully been employed in the separation of highly negatively 
charged glycans such as glycosaminoglycans, which were than detected by MS 
(Kuberan et al. 2002; Thanawiroon et al. 2004).

Another opportunity to increase glycan hydrophobicity is the permethylation of 
glycans, where each free hydroxyl group is replaced by a methyl group (Ciucanu 
and Kerek 1984; Ciucanu and Costello 2003). Permethylated N-glycans have also 
successfully been separated by RP chromatography using, e.g. chip-based C18 col-
umns followed by online mass spectrometric (MS) detection, as permethylated gly-
cans are not fluorescent (Bielik and Zaia 2011; Huang et al. 2017). Despite the fact 
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Fig. 5.1  Detection sensitivity of variously labelled oligosaccharides. The NP–HPLC panel shows 
the peak areas obtained in NP–HPLC at pH 4.4 (or 7.3 for PA-labelled glycans). The MALDI + and 
MALDI – panels depict the peak heights of the MALDI base peaks of the derivatives in positive and 
negative mode, respectively. The most prominent signals in positive mode MALDI were [M + Na]+. 
In negative mode MALDI–MS, [M–H]− ions constituted the base peaks. The ESI + and ESI – panels 
give the peak heights obtained in positive and negative mode ESI–MS, respectively. [M + 2H]2+ and 
[M–2H]2− ions dominated. Abbreviations: nat no labelling, PA 2-aminopyridine, AB 2-aminobenza-
mide, AA aminobenzoic acid (anthranilic acid), ASYL 4-amino-salicylic acid, 3-AQ 3-aminoquino-
line, AA-Ac 3-(acetylamino)-6-aminoacridine, AMAC 2-aminoacridone, Pro procaine 
(4-aminobenzoic acid 2-diethylaminoethyl ester), ProA procainamide (N-(2-diethylamino)ethyl-
4-aminobenzamide), ABEE 2-aminobenzoic acid ethyl ester, ABBE 2-aminobenzoic acid butyl ester, 
ANSA 5-amino-2-naphthalene sulfonic acid, ANTS 2-aminonaphthalene trisulfonate, APTS 8-ami-
nopyrene-1,3,6-trisulfonic acid, APTS 8-aminopyrene-1,3,6-trisulfonic acid, PMP 1-phenyl-
3-methyl-5-pyrazolone. (Reproduced from Pabst et al. (2009) with permission of the publisher)
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Fig. 5.2  Structural analysis of triantennary N-glycans from alpha1-proteinase inhibitor (A1PI). 
Top panel: Pyridylaminated asialo-N-glycans from plasma A1PI were at first separated according 
to size by normal-phase (NP-) HPLC. Cartoons represent the respective glycan structures as identi-
fied by MS and 2-D-HPLC. Panels A–I show RP chromatograms of the NP peaks of triantennary 
and fucosylated triantennary structures eluting at 25.1 and 27.7 min, respectively, and of standard 
PA-glycans. (a) Triantennary glycan (NP peak at 25.1 min) and (b) fucosylated triantennary glycan 
(NP peak at 27.7 min) on RP. (c) Digestion of fucosylated triantennary glycan with α1–6-fucosidase 
did not change the retention time. (d) Digestion of fucosylated triantennary glycan with α1–3/4-
fucosidase shifted the retention time to that of the plain triantennary N-glycan. (e) PA-labelled 
triantennary N-glycans from human erythropoietin where the core α1–6 fucose had been partially 
removed by fucosidase. Two-branch isomers of triantennary structures with and without core α1–6 
fucose exhibit different elution positions in accordance with Tomiya et al. (1988). This comparison  
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that permethylated glycans produce highly informative tandem mass spectra, this 
approach sacrifices separation resolution as the intrinsic hydrophobicity differences 
of permethylated glycans limit sufficient chromatographic separation based on gly-
can structure differences. Further issues can arise from incomplete permethylation, 
possible desialylation of acidic glycans and artefacts such as epimerisation of the 
reducing end (Ashline et al. 2007).

5.3.2  �Hydrophilic Interaction Chromatography (HILIC)

In contrast to RP, HILIC uses the glycans’ hydrophilic features for their separation. 
Glycan hydrophilicity depends on various structural characteristics such as size, 
charge, composition, structure and linkage. Depending on the individual HILIC sta-
tionary phases glycan retention and separation is mediated by hydrogen bonding, 
ionic interactions, and dipole–dipole interactions (Wuhrer et  al. 2009; Alagesan 
et  al. 2017). During the analyte loading, high organic solvent concentrations are 
used to promote these interactions between the analytes and the stationary phase. A 
gradient increasing the aqueous solvent is then used to elute the analytes depending 
on their hydrophilic interactions with the (mostly) amide-derivatised silica station-
ary phases.

This principle has successfully been employed as a major backbone technology 
in the early glycomics investigations and contributed significantly to our current 
knowledge on immunoglobulin glycosylation (Royle et al. 2008; Royle et al. 2003; 
Arnold et al. 2004; Arnold et al. 2005), major human plasma glycoproteins (Kolarich 
et al. 2006; Garner et al. 2001) and also has been employed in the high-throughput 
screening of serum/plasma or immunoglobulin G (IgG) (Adamczyk et  al. 2014; 
Pucic et al. 2011; Saphire et al. 2003; Theodoratou et al. 2016). Despite its advances, 
this approach has its limitations in particular for the analysis of highly complex 
mixtures. Depending on the sample complexity, five or more different glycan mol-
ecules can co-elute and result in a single chromatographic peak (Pucic et al. 2011). 
These issues can at least partially be resolved by sequential application of exogly-
cosidase digestions and reanalysis of these samples or by coupling with orthogonal 

Fig. 5.2  (continued) both indicated that the triantennary A1PI glycan was not core-fucosylated 
and also implied its branch structure. (f) Digestion of fucosylated triantennary glycan with 
β-galactosidase resulted in the removal of two galactose residues. (g) Further digestion of the 
above glycan with jack bean hexosaminidase removed two GlcNAc residues. (h) Simultaneous 
digestion of the glycan from panel G with β-galactosidase and almond fucosidase after heat inac-
tivation of the previously used enzymes removed one galactose and one fucose residue. Product 
had the mass of the pentasaccharide core with one GlcNAc, but its retention time did not match 
that of the two standard PA-glycans shown in I. Therefore, the fucose must have been linked to the 
β1–4 GlcNAc. I: Reference N-glycans carrying β1–2-linked GlcNAc on the α1–3 (17.5 min) or 
1–6 arm (22.7 min) of the core N-glycan. (Reproduced from Kolarich et al. (2006) with permission 
of the publisher)
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detection methodologies such as MS.  This, however, significantly impacts high-
throughput capabilities, can induce artefacts and misinterpretations when incom-
plete exoglycosidase digestion is occurring and also requires considerable amounts 
of sample material.

As the hydrophilic properties of glycans are the major driver for binding and 
separation to the stationary phase, HILIC can also be employed to separate underi-
vatised glycans when coupled to online MS detection as shown by Wuhrer et al. 
(2004). This principle has also recently been employed by Mancera-Arteu et al. who 
used a zwitterionic-hydrophilic μZIC-HILIC separation coupled with ESI MS/MS 
detection in negative ion mode to characterise glycan isomers. This allowed them to 
separate and characterise sialic acid and fucose linkage-type N-glycan isomers 
(Mancera-Arteu et al. 2017).

5.3.3  �Porous Graphitised Carbon Chromatography (PGC)

PGC represents an entirely different type of stationary phase chemistry that has 
unique properties for glycan separation and analysis. In 1979 Knox and Gilbert 
introduced a new form of chromatographic matrix called porous glassy carbon. It 
had limited applicability due its moderate chromatographic performance in GC and 
HPLC. Porous glassy carbon was further improved by Knox et al. to produce porous 
graphitised carbon (PGC) that displayed good stability and chromatographic perfor-
mance, in particular for polar analytes (Knox et al. 1986).

The underlying interactions involved in PGC chromatographic behaviour are 
only vaguely understood, but it has been established that hydrophobic, ionic, polar 
and molecular features all influence analyte retention (West et al. 2010; Kolarich 
et al. 2015; Everest-Dass et al. 2013; Campbell et al. 2014; Stavenhagen et al. 2015; 
Pabst and Altmann 2008; Pabst et  al. 2012; Miller et  al. 2017; Adamczyk et  al. 
2018). As a consequence, PGC chromatography has shown superior resolution for 
native, non-labelled, glycans. Releasing the glycan from its conjugate will unavoid-
ably result in the formation of α- and β-anomers at the glycan reducing end, unless 
stabilised by reduction of reductive amination labelling with fluorescent tags. Such 
α- and β-anomers are easily separated by PGC-LC into two distinct peaks. Thus 
glycan reduction has become a standard procedure for this approach to ensure that 
just a single peak is being detected for a specific glycan structure (Jensen et  al. 
2012). Since MS is the preferred detection approach for PGC separation due to its 
sensitivity and versatility, glycan reduction comes with an additional advantage as 
it introduces a specific mass tag on the reducing end that facilitates fragment peak 
assignment in tandem MS spectra.

PGC finds its applications in sample preparation and glycan analyses. Packer et al. 
showed that sequential elution of neutral and acidic glycans from solid-phase PGC is 
possible using specific additives such as 0.05%(v/v) trifluoroacetic acid to the mobile 
phase, making it a versatile and effective way to separate these two glycan classes 
(Packer et al. 1998) but also desalt the sample (Jensen et al. 2012). Pabst and Altmann 
further studied the influence of ionic strength, pH and temperature on the retention of 
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glycans by PGC (Pabst and Altmann 2008). When the ionic strength is reduced while 
the pH is maintained, acidic N-glycans are stronger retained by the PGC stationary 
phase. Increasing the pH also resulted in a stronger retention of acidic N-glycans on 
PGC while binding and elution of neutral glycans was unaffected. A temperature 
increase, however, resulted in a more effective retention of all N-glycans.

The PGC-LC ESI MS/MS approach has successfully been employed by several 
laboratories around the world to investigate either protein-specific or tissue−/body 
fluid-specific, global glycosylation patterns (Kolarich et al. 2015; Jensen et al. 2012; 
Wongtrakul-Kish et al. 2013). Since no glycan labelling is required, it is equally suit-
able to separate any glycan type. Thus, PGC-LC has been applied to analyse N- and 
O-glycans but also to characterise the glycan portion of glycolipids and glycosami-
noglycan fragments, as also reviewed recently by Stavenhagen et al. in the context of 
clinical glycomics (Stavenhagen et  al. 2015). Several studies on both N- and 
O-glycans have described the baseline resolution of many structural glycan isomers 

Fig. 5.3  Identification and characterisation of neutral O-glycan isomers by PGC-LC ESI MS/
MS. Singly charged negative ion tandem spectra of m/z 1041.31− isomers eluting at 22 min (a), 
26 min (b), 32 min (c) and 33.6 min (d). Extracted ion chromatogram of m/z 1041.31− isomers (f). 
Negative mode fragment spectra with PGC-LC separation aids in the identification and characteri-
sation of closely related structures. (Reproduced from Everest-Dass et al. (2013) with permission 
of the publisher)
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in PGC (Jensen et al. 2012; Pabst et al. 2007; Gao et al. 2015; Abrahams et al. 2018; 
Karlsson et al. 2004a, b) (Fig. 5.3). Numerous studies have used PGC to perform 
global N- and O-glycomics on cancer cell lines and tissues (Abrahams et al. 2015; 
Anugraham et al. 2015; Gustafsson et al. 2015; Lee et al. 2010, 2011). Using a capil-
lary flow PGC-LC-ESI-MS with negative ion mode setup, Anugraham et al. were 
able to show that α2–6 NeuAc and bisecting N-acetyl-glucosamine-type N-glycans 
of ovarian cancer cell lines (SKOV3, IGROV1, A2780 and OVCAR3) were specific 
and abundant when compared to non-cancerous ovarian epithelial cells (HOSE6.3 
and HOSE17.1) (Anugraham et al. 2014). In a follow-up study, they showed that 
glycan structural isomers that corresponded to LacdiNAc-type (GalNAcβ1-
4GlcNAc) motifs were unique to serous ovarian cancers and could differentiate 
between serous ovarian and peritoneal cancer tissues (Anugraham et al. 2017). The 
Karlsson group have shown over numerous studies the advantage of using the PGC-
LC-MS setup in the analysis of mucin type O-glycans in cancer and other diseases 
(Adamczyk et al. 2018; Flowers et al. 2017; Chaudhury et al. 2016). In a study by 
Flowers et  al., O-glycans released from synovial glycoproteins during acute and 
chronic arthritic conditions were compared and immune-reactive glycans identified. 
They found that the sulphated core 1 O-glycan (Galβ1–3GalNAcol) had different 
isomeric profiles between the two conditions. Patients with acute reactive arthritis 
showed the presence of three isomers, while patients with chronic rheumatoid arthri-
tis showed only a single 3-Gal-linked sulphate isomer (Flowers et al. 2013). They 
further developed a selected reaction monitoring (SRM) method to differentiate and 
relatively quantitate the core 1 O-glycan and the sulphated core 1 O-glycan Gal- and 
GalNAc-linked isomers, thereby demonstrating a statistically significant increase in 
sulphation of salivary MUC7 from rheumatoid arthritis patients.

PGC-nanoLC ESI MS/MS has also been the basis for the most sensitive glycom-
ics approach to date. Hinneburg and co-workers were the first to obtain in-depth 
glycomic profiles for both N- and O-glycans from as low as 1000 cells obtained by 
laser microdissection from formalin-fixed, paraffin-embedded (FFPE) histopatho-
logical tissue sections obtained from hepatocellular carcinoma. This approach 
enabled them to investigate the cancer glycome, revealing that hepatocellular carci-
noma exhibited a drastically changed glycan profile that was highly increased in 
particular pauci-mannosidic N-glycans and fucosylated core 2 type O-glycans 
(Hinneburg et al. 2017). We also used this technology to screen the N- and O-glycome 
of non-melanoma type skin cancers and normal human skin (Moginger et al. 2018). 
These basal and squamous cell carcinomas show an increase in oligomannose type 
N-glycans but exhibited overall less pronounced glycome differences compared to 
hepatocellular carcinoma. Interestingly, the peculiar ability of PGC to separate struc-
ture isomers allowed Möginger and co-workers to identify that core-fucosylation 
was about three times higher on diantennary N-glycans carrying at least one α2–3-
linked sialic acid compared to N-glycans that just carried α2–6 NeuAc.

Next to global glycomics, PGC-LC is equally well suited to study protein-
specific glycosylation. Both, purified glycoproteins as well as glycoproteins 
separated by 1D or 2D-electrophoresis can easily be analysed (Wilson et al. 2002), 
and since recent developments in PGC-nanoLC ESI MS/MS provides the necessary 
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sensitivity (Hinneburg et al. 2017; Moginger et al. 2018), even protein bands con-
taining less than 500 ng of glycoprotein can still be sufficient to determine global 
glycan profiles. This has successfully been employed to study the components of 
secretory IgA from human breast milk (Deshpande et al. 2010), human plasma pro-
teins such as butyrylcholinesterase (Kolarich et al. 2008) or corticosteroid-binding 
globulin (Sumer-Bayraktar et al. 2011; Sumer-Bayraktar et al. 2012), human as well 
as recombinant immunoglobulins (Stadlmann et  al. 2008) and human cancer-
associated glycoproteins such as E-cadherin (Carvalho et al. 2016) or bacterial fla-
gellins (Rath et al. 2018), to name a few examples.

In addition to the detailed analysis of protein-derived glycans, PGC-LC-MS 
analysis has also successfully been used to differentiate and characterise heparan 
sulphate (HS) oligosaccharides (Miller et al. 2017) and glycosphingolipid (GSL)-
derived glycans (Anugraham et al. 2015; Karlsson et al. 2010). The recent study by 
Miller et al. exhibits the effective and sensitive separation of digested HS oligosac-
charides by PGC.  They showed the separation of complex mixture with various 
degrees of polymerisation (dp) ranging from dp4 to dp8. Baseline separation was 
observed for dp4 and dp6 isomers. The elution order was affected by sulphation 
levels, chain length and conformation. Their work demonstrates that heterogeneous 
mixtures of HS oligosaccharides can be efficiently separated and sensitively anal-
ysed using a PGC-LC-MS setup. Similarly, separation of isomeric or isobaric gly-
cans is particularly important in the differentiation of GSL-derived glycans. 
Karlsson et al. exhibited this through the separation and characterisation of isomeric 
glycans derived from isoglobotetraosylceramide (iGb4; GalNAcβ-3Galα-3Galβ-
4Glcβ-1Cer) and globotetraosylceramide (Gb4; GalNAcβ-3Galα-4Galβ-4Glcβ-
1Cer). Anugraham et  al. also revealed the separation of both acidic and neutral 
GSL-derived glycans in a PGC-LC-MS-based setup. This approach was notably 
applied to identify isomeric blood group antigens that showed distinct structure dif-
ferences between serous ovarian and endometrioid peritoneal cancer tissues 
(Anugraham et al. 2015). Thus PGC-LC ESI MS/MS opens novel opportunities to 
study glycosyltransferase activities to obtain a better understanding of how the com-
plex glycosylation machinery is producing these glycoconjugates.

Although mostly used for the analysis of non-labelled, non-derivatised glycans, 
recently the separation of permethylated glycans by PGC has also been reported 
(Huang et  al. 2017; Costello et  al. 2007). The packing of PGC into nanoscale 
chromatography chips for nanoLC-MS-based analysis of glycans (Hua et al. 2011) 
has shown a considerable sensitivity promise in the rapid analysis of glycans, albeit 
sacrificing isomer separation due to the significantly increased hydrophobicity of 
the permethylated glycan molecules. Each of the above-mentioned chromatography 
methods have their unique advantageous and disadvantageous in the separation and 
characterisation of glycans and maybe suitably applied for specific questions. A 
study by Melmer et al. analysed the retention times of 2-AB labeled glycans from 
fetuin, RNase-B and a mAb in HILIC, IP-RPC and PGC chromatography, respec-
tively. An example of the main glycan variants in mAB HexNAc4Hex3dHex1, 
HexNAc4Hex4dHex1(two isomers), and HexNAc4Hex5dHex1 is shown in Fig. 5.4 
(Melmer et al. 2011).
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5.4  �Ion Mobility MS: Gas-Phase Separation 
of Glycoconjugates

Next to liquid-based separation technologies, it is also possible to use gas-phase 
separation for the determination of glycoconjugate structures. For this purpose, ion 
mobility-mass spectrometry (IM-MS) has been gaining more and more attention 
over the past years. IM-MS measures the mass-to-charge ratio (m/z) of ions as well 
as the time these molecules need to traverse a cell that is filled with an inert gas 
(May and McLean 2015; Manz and Pagel 2018). In addition, the molecules are 
under the influence of a weak electric field when traversing the gas filled cell. This 
approach simultaneously uses various physical–chemical properties of these mole-
cules for their separation, mass, charge, size and shape, subsequently enabling the 
differentiation of structure isomers. In addition the measured drift time can be con-
verted into a collision cross section (CCS) value that is a molecular property and can 
be universally compared and used for the structure description.

Recent studies from two independent groups demonstrated that intact glycopep-
tide isomers can be successfully differentiated using IM-MS (Guttman and Lee 
2016; Hinneburg et  al. 2016). Hinneburg and co-workers employed synthetic 
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glycopeptides designed based on the human protein C fragment 284EVFVHPNYSK293 
(UniProt entry P04070) carrying either an α2–6 or α2–3 monosialylated, bianten-
nary N-glycan. While the intact glycopeptides just differing in the type of sialic 
acid linkage did not show sufficient different molecular properties in the gas phase 
that would have enabled their separation by IM-MS, this could easily be achieved 
when oligosaccharide-only fragment ions produced by CID fragmentation were 
subjected to IM-MS.  The m/z 657 B3 type oxonium ion fragment (trisaccharide 
consisting of Gal, GlcNAc and NeuAc) showed significantly different drift times 
that were dependent on the type of NeuAc linkage, with the α2–6 fragment exhibit-
ing considerably shorter drift times compared to the α2–3 equivalent (Fig.  5.5) 
(Nilsson 2016). The isomeric NeuAc-containing trisaccharide fragments showed 
excellent baseline separation even in the simultaneous presence of both glycopep-
tides, thus providing a comparably easy opportunity to perform in-depth glycopro-
teomics to study sialic acid linkage in a site- and protein-specific manner. In 
addition, the travelling wave collision cross sections measured in nitrogen drift gas 
(TWCCSN2) differed significantly for these two trisaccharides: 236 Å2 for the α2–6-
linked NeuAc and 246  Å2 for the α2–3-linked NeuAc-containing fragments 
(Hofmann et al. 2014). These values were highly diagnostic for the regiochemistry 
of the underlying NeuAc linkage and could thus be used to gain site-specific infor-

Fig. 5.5  Differentiation of N-acetylneuraminic acid (NeuAc) linkage isomers using CID fragmen-
tation and subsequent IM-MS analysis. Two isomeric glycopeptides, which either carry α2–6 
(GP3)- or α2–3 (GP4)-linked NeuAc, were analysed. (a) Both peptides exhibit identical MS/MS 
spectra, as shown for the triply protonated precursor ion (red). (b) When analysed as mixture the 
intact glycopeptide ions cannot be separated by IM-MS (m/z 991, red). B3-trisaccharide fragments 
(m/z 657, blue) directly cleaved from the glycopeptide by CID on the other hand show character-
istic drift times depending on the regiochemistry of the NeuAc linkage, which allows unambigu-
ous identification of α2–3- and α2–6-linked isoforms. (Reproduced from Hinneburg et al. (2016) 
with permission of the publisher)
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mation on important glycan structural features directly from individual glycopep-
tides in a single experiment. Recently Barroso and co-workers evaluated the 
capacity of travelling wave IM-MS to separate isomeric glycoconjugates at three 
different levels (Barroso et al. 2018): as an intact glycoprotein, after digestion into 
glycopeptides and just the released glycans. They put particular focus on the ability 
to differentiate different types of sialic acid linkage (i.e. α2–3 and α2–6). In agree-
ment with previous studies, isomer separation was achieved for glycans (without 
fragmentation) and for glycopeptides (after fragmentation as described by 
Hinneburg et al. and Guttmann et al.). Under native MS conditions, no baseline 
isomer separation of intact glycoproteins was observed. However, the drift time of 
various glyco-isoforms increases with an increase in the carbohydrate fraction, i.e. 
complexity and branching of the glycoforms (Barroso et al. 2018).

5.5  �Capillary Electrophoresis-Electrospray Ionisation-Mass 
Spectrometry

Capillary electrophoresis (CE) has been the primary methodology used for separat-
ing and analysing short tandem repeat alleles in forensic DNA laboratories world-
wide. The separation of analyte molecules is based upon their electrophoretic 
mobility on an applied voltage. As the majority of glycans is neutral, often derivati-
sation of glycans is required for their analysis. Honda et al. explored the possibility 
of CE-based analysis of derivatised mono- and oligosaccharides using amino pyri-
dine. The separation of pyridylamino sugar derivatives was achieved by the in situ 
anionic borate complex (Honda et  al. 1989). In 1996 Guttmann and co-workers 
introduced the fluorophore 1-aminopyrene-3,6,8-trisulformate (APTS) as a novel 
glycan derivatisation agent (Guttman et al. 1996a). APTS having three negatively 
charged groups also makes otherwise neutral glycans highly negative, and thus they 
can easily be separated by CE.  Following this work, this reagent has also been 
employed for glycan analysis by capillary gel electrophoresis (CGE) technique 
offering the opportunity to separate various glycan isomers (Guttman et al. 1996b; 
Guttman and Pritchett 1995; Chen and Evangelista 1998). In CGE the separation of 
labelled glycans is based on their difference in hydrodynamic volume to charge 
ratio (Guttman 2013). Consequently, methods for automated glycan profiling using 
a single capillary column instrument or a multiplexed capillary array system have 
been described for glycan analysis purposes (Szigeti and Guttman 2017). Over the 
past decade, Rapp and co-workers developed high-throughput glycomics workflows 
based on multiplexed capillary gel electrophoresis coupled with laser-induced fluo-
rescence (LIF) detection, also now known as xCGE-LIF (Callewaert et al. 2004; 
Ruhaak et al. 2010; Hennig et al. 2015; Schwarzer et al. 2008). Here, glycan identi-
fication and characterisation are based on normalised retention times (achieved by 
using internal standards) and using these retention times to match these with data-
base entries related to the respective structure (Behne et al. 2013; Huffman et al. 
2014). If necessary, and to confirm structures not in the database, further extended 
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structural analysis can be achieved by using an array of exoglycosidases in combi-
nation with xCGE-LIF-based glycoprofiling.

CE analysis can also be coupled with other detection technologies such as mass 
spectrometry, significantly increasing the analytical power of this separation meth-
odology. When analysing glycoconjugates this approach provides high selectivity 
for isomer separation but also the opportunity for tandem MS structure elucidation. 
Gennaro and Salas-Solano reported an approach for CE-MS with online LIF detec-
tion to identify N-glycans from therapeutic antibodies. A major advantage of this 
glycan profiling approach is the ability to identify and discriminate co-migrating 
isomeric glycan species (Gennaro and Salas-Solano 2008). Gahoul and co-workers 
(Gahoual et  al. 2013) developed a CE-MS/MS method based on the sheathless 
CE-ESI-MS (CESI) platform (Moini 2007) allowing a fast and precise characterisa-
tion of a monoclonal antibody digest. This allowed them to achieve 100% sequence 
coverage for both heavy and light chain in a single analytical experiment including 
the glycopeptides from 100 fmol of protein digest. Recently, Giorgetti and co-
workers demonstrated that similar glycosylation profiles were obtained when ana-
lysing N-glycans by CE-ESI-MS and by HILIC of 2-aminobenzamide labelled 
N-glycans, tested on ten different monoclonal antibodies (mAbs) (Giorgetti et al. 
2018). CE-ESI-MS analysis has the advantage that it is not restricted to glycan or 
glycopeptide analyses but can also be used for the overall characterisation of mAbs. 
Khatri et  al. (2017) adopted a microfluidics-based CE-MS system to analyse 
released glycans, glycopeptides and monosaccharides using standard glycoproteins 
such as bovine ribonuclease B, human transferrin and human alpha-1-acid glyco-
protein. They explored the use of TMT-labelling of glycans to improve the electro-
phoretic migration and also to enable multiplexed quantitation by tandem MS. They 
also employed sialic acid derivatisation using the method developed by the Wuhrer 
group (Reiding et al. 2014) to differentiate sialic acid linkage by MS only. At the 
same time, the Wuhrer group developed a high-resolution separation platform based 
on capillary electrophoresis–mass spectrometry (CE-MS) for selective differentia-
tion of α2–3- and α2–6-sialylated glycopeptides without any sample pretreatment 
(Kammeijer et al. 2017) (Fig. 5.6).

5.6  �Differentiation of Isobaric Glycans Using MS

During MALDI analysis, sialylated glycans usually undergo decomposition to give 
rise to focused (in-source fragmentation) and unfocused (post-source fragmenta-
tion) ion peaks when measured in the reflector-time-of-flight detectors (Harvey 
1999). This is due to the presence of a labile carboxylic proton. Thus, several strate-
gies have been developed to stabilise and neutralise sialic acid residues and make 
them more suitable for MALDI analyses. This can be achieved by permethylation 
(Ciucanu and Kerek 1984), methyl esterification or derivatisation with acetohydra-
zide (Toyoda et  al. 2008). In late 2000, Harvey and co-workers demonstrated a 
method for stabilising sialic acids and discriminating α2–3 and α2–6 isomers. Here 
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the glycans were treated with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) in methanol converting α2–6-linked 
sialic acids to methyl esters (+14 Da), and the α2–3-linked sialic acids formed 
lactones (−18 Da) (Wheeler et al. 2009). In 2014, Reiding et al. developed a simpli-
fied procedure for the derivatisation and discrimination of sialic acids using 
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and 1-hydroxybenzotri-
azole (HOBt) as activators in ethanolic solution. In contrast to the previous approach 
described by Harvey, this reaction converts α2–6-linked sialic acid to 

Fig. 5.6  Extracted ion electropherograms (EIEs) of IgGmAb1 and IVIgG1 glycopeptides obtained 
with CE–ESI-MS after targeted alignment. (a) EIEs of IgGmAb1 glycopeptides derived from 
CHO cells, (b) EIEs of IVIgG1 retrieved from human plasma and (c) EIEs of a co-injection of 
IgGmAb1 and IVIgG1. The “PEP” label illustrates the tryptic peptide sequence EEQYNSTYR to 
which the glycan is attached. (Figure taken from Kammeijer et al. (2017) with permission from 
publisher)
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dimethylamide (+28 Da) and α2–3-linked sialic acid to a cyclic lactone with the 
adjacent galactose (−18 Da). For example, Fig. 5.7 shows a RP MALDI-TOF-MS 
spectra of 3ʹ- and 6ʹ-sialyllactose after alkyl esterification for 1 h at 37 °C with EDC 
+ HOBt in either methanol or ethanol. The lactonized reaction product is visible at 
638.190 Da [M + Na]+, with the esterified masses being 670.217 and 684.232 Da 
for methanol and ethanol, respectively. This particular approach has successfully 
been applied to differentiate α2–3- and α2–6-linked sialic acids at both glycan 
(Reiding et  al. 2014) and glycopeptide level (de Haan et  al. 2015). Though this 
approach offers an easy and convenient approach to stabilise and differentiate sialic 
acids and their linkage, other structure isomers will not be resolved by this approach.

5.7  �Concluding Remarks

Determination of the in vivo functions of glycoproteins is an arduous task. One of 
the major analytical challenges in MS-based glycomics is the propensity of glycans 
to form many different isomers from a comparably limited set of building blocks 
(Laine 1994). In relation to other OMICS areas such as proteomics and genomics, 
glycomics requires multi-methodological approaches to analytically capture glyco-
conjugate structures and subsequently use this information to understand their func-
tional significance. Recent advances in MS instrumentation, availability of synthetic 
standards and the development of novel methodologies have pushed this field 

Fig. 5.7  Fig. 5.7 MALDI-TOF-MS spectra of 3′- and 6′-sialyllactose when alkyl esterified for 1 
h at 37 °C with EDC + HOBt in methanol or ethanol. The lactonized reaction product is 638.190 Da 
[M + Na]+, with the esterified masses being 670.217 and 684.232 Da for methanol and ethanol, 
respectively. Figure taken from Reiding et al 2014 with permission from publisher
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towards the large-scale OMICS technologies. This will open entirely novel oppor-
tunities to study glycoconjugates and understand their functional significance in 
health and disease.
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Chapter 6
Synchrotron-Radiation Vacuum-Ultraviolet 
Circular-Dichroism Spectroscopy 
for Characterizing the Structure 
of Saccharides

Koichi Matsuo and Kunihiko Gekko

Abstract  Circular-dichroism (CD) spectroscopy is a powerful tool for analyzing 
the structures of chiral molecules and biomolecules. The development of CD instru-
ments using synchrotron radiation has greatly expanded the utility of this method by 
extending the spectra to the vacuum-ultraviolet (VUV) region below 190 nm and 
thereby yielding information that is unobtainable by conventional CD instruments. 
This technique is especially advantageous for monitoring the structure of saccha-
rides that contain hydroxy and acetal groups with high-energy transitions in the 
VUV region. Combining VUVCD spectra with theoretical calculations provides 
new insight into the contributions of anomeric hydroxy groups and rotational iso-
mers of hydroxymethyl groups to the dynamics, intramolecular hydrogen bonds, 
and hydration of saccharides in aqueous solution.

Keywords  Circular dichroism · Glycoprotein · Glycosaminoglycan · Hydration · 
Intramolecular hydrogen bond · Molecular dynamics simulation · Saccharide · 
Solution structure · Structural dynamics · Synchrotron radiation · Time-dependent 
density functional theory · Vacuum ultraviolet

Abbreviations

AGP	 α1-acid glycoprotein
CD	 circular dichroism
GG	 gauche-gauche
GT	 gauche-trans

K. Matsuo (*) · K. Gekko 
Hiroshima Synchrotron Radiation Center, Hiroshima University, Higashi-Hiroshima, 
Hiroshima, Japan
e-mail: pika@hiroshima-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2158-0_6&domain=pdf
mailto:pika@hiroshima-u.ac.jp


102

MD	 molecular dynamics
methyl α-d-Glc	 methyl α-d-glucopyranoside
methyl β-d-Glc	 methyl β-d-glucopyranoside
NMR	 nuclear magnetic resonance
SR	 synchrotron radiation
TDDFT	 time-dependent density functional theory
TG	 trans-gauche
UV	 ultraviolet
VUV	 vacuum ultraviolet
VUVCD	 vacuum-ultraviolet circular dichroism

6.1  �Introduction

Saccharides perform various biological functions in a living body such as energy 
storage (e.g., glycogen and starch), the constituents of plant and crustacean/arthro-
pod exoskeletons (e.g., cellulose and chitin), the molecular recognition between 
proteins and cell membranes (e.g., mannose and sialic acid), and the protection 
against damage from cold and dry conditions (e.g., trehalose) (Sharon and Lis 1989; 
Schneegurt et al. 1994; Ravi Kumar 2000; Jagdale et al. 2005). They also have vari-
ous physical properties such as gelation (e.g., carrageenan) and retrogradation (e.g., 
amylose) (Miles et  al. 1985; Morris 1986; Collins and Birkinshaw 2007). 
Spectroscopic techniques such as X-ray crystallography and nuclear magnetic reso-
nance (NMR) spectroscopy have been used to characterize the structures of saccha-
rides in attempts to understand these biological functions and physical properties, 
but the structure–function relationships remain controversial due to the complicated 
contributions made by intramolecular and solvent interactions.

Circular dichroism (CD) is defined as the difference between the absorption of 
left- and right-handed circularly polarized light, and it sensitively reflects the steric 
structures of optically active materials such as biomolecules. While X-ray crystal-
lography and NMR spectroscopy provide information at atomic spatial resolutions, 
whereas CD does not, this technique has been widely used for analyzing the equi-
librium structures and conformations of biomolecules such as saccharides because 
CD spectra can be measured in samples at low concentrations for molecules of any 
sizes under various solvent conditions and without requiring crystallization. The 
principles, techniques, and applications of CD spectroscopy have been comprehen-
sively reviewed in many books (Fasman 1996; Berova et  al. 2000; Wallace and 
Janes 2009).

CD spectra of saccharides can be roughly divided into three wavelength regions. 
The two most common substituents (acetamido and carboxyl groups) display CD 
bands associated with the n–π* transitions at 200–240 nm and the π–π* transitions 
at 180–200 nm in the far-ultraviolet (far-UV) region, whereas the n–σ* transitions 
of acetal and hydroxy groups produce bands at 140–180  nm in the vacuum-
ultraviolet (VUV) region. In particular, the CD of saccharides in the VUV region 
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can yield basic structural information related to their biological functions and physi-
cal properties because acetal and hydroxy groups are common constituents of the 
saccharide backbone (Johnson Jr 1987) (the different configurations in glucose and 
mannose affect the carbohydrate-lectin binding constant (Farina and Wilkins 1980; 
Chervenak and Toone 1995), and the equatorial hydroxyl group is effective for sta-
bilization of protein (Gekko and Koga 1983)). However, technical difficulties asso-
ciated with the light source and optical device mean that conventional CD 
spectroscopy is not available for the high-energy transitions of chromophores such 
as hydroxy and acetal groups. This situation has prompted efforts aimed at develop-
ing vacuum-ultraviolet circular-dichroism (VUVCD) spectrometers.

The first VUVCD spectrometer was developed using a Hinteregger hydrogen 
lamp at the beginning of the 1970s (Schnepp et al. 1970), and this has been applied 
for the structural analysis of biomaterials, predominantly saccharides (Johnson Jr 
1971, 1987; Pysh 1976; Brahms et al. 1977; Stevens 1978, 1986). These pioneering 
studies demonstrated that the CD spectra in the VUV region can provide important 
information that is unobtainable in the far-UV region, but the insufficient power of 
the light source restricted VUVCD measurements in solution and the principle of 
pairwise relationships between the configurations and the CD spectra of saccharides 
remain unclear for the solution structures in equilibrium between the α- and 
β-anomers and between the gauche (G) and trans (T) configurations. Since the 
1980s, synchrotron radiation (SR) has been used as the light source of VUVCD 
spectrometers because a synchrotron can provide an excellent high-flux source of 
photons that is three to six orders of magnitude more intense than that from xenon 
lamps in the VUV wavelength region around 180  nm (Wallace and Janes 2009; 
Snyder and Rowe 1980; Sutherland et al. 1982, 1986; Wallace 2000; Ojima et al. 
2001; Wallace et al. 2011). In 2017 there were more than 15 VUVCD beamlines 
worldwide, including at the National Synchrotron Light Source (USA), Aarhus 
Storage Ring (Denmark), Synchrotron Radiation Source (UK), Hiroshima 
Synchrotron Radiation Center (Japan) (Matsuo and Gekko 2013a), Beijing 
Synchrotron Radiation Facility (China), National Synchrotron Radiation Research 
Center (Taiwan), Synchrotron SOLEIL (France), TERAS (Japan), BESSYII 
(Germany), ANKA (Germany), and Diamond Light Source (UK), and at present 9 
of these beamlines are operational (Wallace et al. 2011).

The VUVCD spectra of saccharides obtained using SR have successfully dis-
closed the contributions of configurations of hydroxy and acetal groups to the struc-
tural dynamics, intramolecular hydrogen bonds, and hydration of saccharides with 
an aid of theoretical calculation of the spectra using the time-dependent density 
function theory (TDDFT) and the molecular dynamics (MD) methods (Fig. 6.1), 
thereby opening a new field in glycostructural biology. This review focuses on the 
recent development of structural analyses of saccharides (unsubstituted and substi-
tuted saccharides) using SR-VUVCD spectroscopy, primarily based on our own 
work (Matsuo and Gekko 2013a, b).
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6.2  �Basic Theory and Calculation of Circular Dichroism

CD is defined as the difference (ΔA) between the absorbance of left- and right-
handed circularly polarized light, each of which follows the Beer-Lambert law at a 
given wavelength:

	
D DA A A lC lC= - = -( ) =L R L Re e e

	
(6.1)

where εL and εR are the molar absorptions of the sample for left- and right-handed 
circularly polarized light, respectively, C is the molar concentration of the sample 
(in M), and l is the path length of the optical cell (in cm). CD instruments usually 
represent the CD in Δε or a molar ellipticity, [θ ], with the latter being widely used 
for saccharides and proteins. [θ ] is related to Δε by

	
q e[ ] = 3298D

	
(6.2)

which is in units of deg.⋅cm2⋅dmol−1 (Fasman 1996; Berova et  al. 2000). For 
polysaccharides (and other polymers such as proteins) the molar concentration unit 
is based on the mean residue weight, which corresponds to the molecular weight of 
the constituent monosaccharide or disaccharide units.

CD is induced by the interaction between electric and magnetic dipole transition 
moments of chromophores, and its intensity is related to the rotational strength that 
is theoretically defined by

	
R a a a0 0 0= ×{ }Im Y Y Y Yˆ ˆm m

	
(6.3)
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Fig. 6.1  Scheme for the structural analysis of saccharide by VUVCD spectroscopy in combina-
tion with theoretical calculation of the spectrum
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where R0a is the rotational strength of the electric transition from the “0” to “a” 
states, m̂  and m̂  are the electric and magnetic dipole moments, respectively, and 
Im{} is the imaginary part of a complex number.

The final CD spectrum can be calculated using the following equations:
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where λi is the wavelength of the ith transition and Δλ is the half bandwidth of a 
spectrum calculated assuming that it conforms to a Gaussian distribution (Berova 
et al. 2000).

Figure 6.1 shows a general scheme for the theoretical calculation of the CD spec-
trum. The initial structure of a target molecule (e.g., a monosaccharide) is obtained 
from X-ray crystallography or NMR spectroscopy, or from the model structure con-
structed with the standard molecular parameters. This initial structure is optimized 
by the density functional theory taking into consideration solvent effects or simu-
lated by MD method such as Amber and Gromacs in explicit water molecules. The 
rotational strength and CD spectrum for the optimized or simulated structure are 
calculated with Eqs. 6.4 and 6.5 using TDDFT. The associated software and pro-
grams (e.g., Gaussian 09) can nowadays be installed on a standard workstation com-
puter, which makes it possible to easily compare a calculated spectrum with an 
experimentally observed one and also identify the electric transition responsible for 
producing the spectrum and estimate the intact structure of the molecule including 
the effects of hydration.

6.3  �Structural Analysis of Unsubstituted Saccharides

6.3.1  �Monosaccharides

Monosaccharides exist in a complicated equilibrium structure. Figure 6.2a shows 
the chemical structure of d-glucose, in which there are two anomeric configurations 
(α and β) of the hydroxy group at C-1, three rotamer conformations of the hydroxy-
methyl group at C-5, and two chair conformations (4C1 and 1C4). The gauche-gauche 
(GG), gauche-trans, (GT), and trans-gauche (TG) rotamers differ in the positions of 
the hydroxy oxygen at C-6 relative to the ring oxygen (Fig. 6.2b). In order to mini-
mize conformational problems, the saccharides that preferentially adopt the 4C1 
conformation of the pyranose form have often been used in CD spectroscopy 
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studies. Monosaccharides are basically composed of six conformers: α-GG, α-GT, 
α-TG, β-GG, β-GT, and β-TG.

The CD spectra of many monosaccharides and methyl aldopyranosides have 
been measured down to 165 nm in water and D2O, and to 140 nm in thin solid films 
(Johnson Jr 1987; Stevens 1996). Film CD spectra provide important information 
on the originating orbital and energy levels (state assignments), but the pairwise 
relationships between CD spectra and structure in aqueous solution have not been 
explicitly determined due to the complexity of the equilibrium structures. These 
relationships have been investigated by comparing the observed SR-VUVCD spec-
tra with those calculated by a TDDFT method (Matsuo and Gekko 2004; Matsuo 
et al. 2012, 2015; Kanematsu et al. 2015).

Figure 6.3 shows the VUVCD spectra of five monosaccharides in aqueous solu-
tion (Matsuo and Gekko 2004), which were obtained using a VUVCD 

Fig. 6.2  (a) Chemical structure of d-glucose with an α-anomer configuration and a GT conforma-
tion. (b) Three possible staggered conformations (GG, GT, and TG) of the hydroxymethyl group 
at C-5. The C-4 hydroxy is axial (a) for d-galactose and equatorial (e) for d-glucose. The view is 
looking down the bond from C-5 to C-6
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spectrophotometer and an SR light source. These monosaccharides have very simi-
lar structures but exhibit markedly different spectra. For example, d-glucose and 
d-galactose differ only in the configuration of the hydroxy group at C-4 (equatorial 
type for glucose and axial type for galactose; see Fig. 6.2), but glucose has a positive 
CD peak around 170 nm, while galactose produces two negative CD peaks around 
165 and 180 nm; this illustrates meaning that VUVCD is highly sensitive to the 
structural differences of saccharides. The CD bands around 160–180 nm predomi-
nantly arise from the electronic transitions (n–σ*) of the ring oxygen (Matsuo et al. 
2012; Listowsky and Englard 1968), which would be affected by the nearby hydroxy 
group at C-1 and the hydroxymethyl group at C-5.

It is difficult to estimate the contribution of each anomeric configuration at C-1 
and each rotamer conformation at C-5 separately, since they exist in equilibrium in 
solution. However, deconvolution of the VUVCD spectra of d-glucose, d-mannose, 
and d-galactose into six independent Gaussian components (α-GG, α-GT, α-TG, 
β-GG, β-GT, and β-TG) using their compositions determined by NMR spectroscopy 
suggested that the GG and GT conformers produce positive and negative peaks, 
respectively, and that the negative peaks around 165 and 177 nm for d-galactose are 
attributable to the GT and β-TG conformers, respectively, as shown in Fig. 6.4a 
(Matsuo and Gekko 2004).

These component spectra were also estimated from the theoretical calculation of 
the spectra for α-GG, α-GT, and α-TG rotamers of methyl α-d-glucopyranoside 
(methyl α-d-Glc) using a TDDFT method and MD simulation (Matsuo et al. 2012). 
The calculated GG and GT spectra of both molecules respectively showed positive 
and negative CD peaks around 170 nm, which were similar to the respective com-
ponent spectra obtained by deconvolution analyses (Fig. 6.4b). The same character-
istic spectra were observed in the theoretical spectra of β-GG and β-GT rotamers of 
methyl β-d-glucopyranoside (methyl β-d-Glc), showing that the method combining 
TDDFT and MD is useful for characterizing monosaccharide structures (Matsuo 
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Fig. 6.3  VUVCD spectra of monosaccharides in aqueous solution at 25 °C. (Reproduced from 
Matsuo and Gekko 2004)
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et al. 2015). Further, the comparisons between the component spectra of methyl α- 
and β-d-Glc revealed that the α- and β-anomer configurations contribute negatively 
and positively to the CD around 160 nm, respectively. This prediction is supported 
by the finding that methyl α- and β-d-xylopyranosides with no hydroxymethyl 
group at C-5 exhibit negative and positive VUVCD around 163 nm, respectively 
(Matsuo et al. 2015). A linear combination of component spectra of three rotamers 
in the α- and β-anomeric forms, which differ markedly from each other, essentially 
reproduced the experimentally observed spectra of methyl α- and β-d-Glc (Fig. 6.4c 
shows the results for methyl α-d-Glc) (Matsuo et  al. 2012, 2015). These results 
indicate that the VUVCD spectra of monosaccharides are dominantly influenced by 
the configurations of the hydroxy group (α/β) at C-1 and the hydroxymethyl group 
(GG/GT/TG) at C-5.
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Fig. 6.4  (a) Component VUVCD spectra of d-glucose (α-GG, α-GT, β-GG, and β-GT). (b) 
Component VUVCD spectra of methyl α-d-Glc calculated using the TDDFT method (α-GG, 
α-GT, and α-TG). (c) Theoretical and experimental VUVCD spectra of methyl α-d-Glc. 
(Reproduced from Matsuo and Gekko 2004 and Matsuo et al. 2012)
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The theoretical calculation of the VUVCD of a saccharide using the TDDFT 
method and MD simulation is also powerful for obtaining structural information 
such as the structural dynamics and intermolecular hydrogen bonds of GG, GT, and 
TG rotamers and α- and β-anomers. Figure 6.5a shows plots of the dihedral angles 
of HO-6–O-6–C-6–C-5 versus the distance between the HO-6 and O-5 atoms in the 
GT and GG rotamers of methyl α-d-Glc. The dihedral angles of HO-6–O-6–C-6–C-5 
were around −50° and 50° for the GT and GG rotamers, respectively, within an 
interatomic distance of 2.4 Å, where the hydrogen atom (HO-6) could form a hydro-
gen bond with the ring oxygen (O-5) in both rotamers (Fig.  6.5b). On the other 
hand, in the TG rotamer, the dihedral angles of HO-4–O-4–C-4–C-3 converged to 
about 50 ° within a distance of 2.4 Å between the HO-6 and O-4 atoms and to about 
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−150° within a distance of 2.4 Å between the O-6 and HO-4 atoms (Matsuo et al. 
2012), implying the formation of two types of hydrogen bonds (O-6–HO-4 and 
O-4–HO-6) in the TG rotamer (Fig. 6.5b). The differences in GT, GG, and TG spec-
tra were therefore ascribed to the hydroxymethyl group at C-5 and the hydroxy 
group at C-4, which strongly affect the orientations of intramolecular hydrogen 
bonds around the ring oxygen (Matsuo et al. 2012, 2015).

These calculation methods can be used to characterize the α- and β-anomer con-
figurations. Figure 6.5c shows plots of the dihedral angles of the hydroxy group of 
HO-2–O-2–C-2–C-1 versus the distance between the HO-2 and O-1 atoms for three 
rotamers of methyl α-d-Glc and methyl β-d-Glc. It is evident that the dihedral 
angles of HO-2–O-2–C-2–C-1  in all three rotamers were around −50° for the 
α-anomer and around 50° for the β-anomer, within an interatomic distance of 2.4 Å, 
where the hydrogen atom (HO-2) could form a hydrogen bond with the methoxy 
oxygen (O-1) (Fig. 6.5d), although the hydrogen bond would be considerably more 
unstable in the β-anomer than in the α-anomer. The differences in the α- and 
β-anomers could therefore be ascribed to the different dynamics of the hydroxy 
group at C-2 and the methoxy group at C-1, which strongly affect the orientations 
of intramolecular hydrogen bonds around the methoxy oxygen (Matsuo et al. 2015).

The effects of hydration are reflected in the different VUVCD spectra of methyl 
α-d-Glc in H2O and D2O, where all hydrogen atoms of the hydroxy groups are 
replaced by deuterium in the latter. The observed isotope differences in the peak 
position (blue shift) and the intensity of spectra were compared with those theoreti-
cally calculated using multicomponent quantum mechanics, which incorporates the 
quantum deviation of hydrogen nuclei from equilibrium geometry to provide infor-
mation about the conformation of the hydroxy groups and water molecules along 
the solvation surface (Kanematsu et al. 2015). It was found that the modification of 
the solvation surface is essential for reproducing the observed isotope effect on the 
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spectrum; that is, the isotope differences are strongly dependent on solute–solvent 
interactions. These observations indicate that the VUVCD spectrum can offer 
insight into not only the conformations but also the hydration of saccharides.

6.3.2  �Disaccharides

Figure 6.6 shows the SR-VUVCD spectra of various disaccharides (Matsuo and 
Gekko 2004). While these spectra qualitatively resemble those of the monomer 
components, it is apparent that the spectra of the constituent monomers are not addi-
tive since the configuration of the anomeric hydroxy group that links two monomers 
is fixed and the resulting ether linkages (1 → 2, 1 → 3, 1 → 4, and 1 → 6) result in 
different CD. The deconvolution analysis of VUVCD spectra might not be appli-
cable to disaccharides because they comprise a larger number of independent com-
ponents compared with monosaccharides. However, comparisons of the spectra for 
disaccharides allowed us to predict the contributions of the glycosidic linkage to the 
disaccharide CD spectra. Isomaltose and maltose, which consist of two glucose 
molecules joined by α-1,6- and α-1,4-glycosidic linkages, respectively, both exhibit 
a positive CD peak around 170 nm, which is larger for isomaltose. Gentiobiose and 
cellobiose, which consist of two d-glucose molecules joined by β-1,6- and β-1,4-
glycosidic linkages, respectively, also both show a positive CD peak around 170 nm, 
with this being larger for gentiobiose. It is therefore expected that the 1,6-glycosidic 
linkage has a greater potential to increase the CD than does the 1,4-glycosidic link-
age. The CD peaks of gentiobiose and cellobiose are red shifted relative to those of 
isomaltose and maltose, suggesting that the α-glycosidic linkage is a higher-energy 
bond than the β-glycosidic linkage in both 1,4- and 1,6-linkages. Lactose, which is 
a disaccharide consisting of d-galactose and d-glucose joined by a β-1,4-glycosidic 
linkage, exhibits two successive negative CD peaks around 177 and 168 nm, which 
would arise mainly from the constituent galactose unit that produces negative CD 
peaks. These predictions should be confirmed by theoretical calculations using 
TDDFT in order to further improve our understanding of the VUVCD spectra of 
disaccharides.

6.3.3  �Oligosaccharides and Polysaccharides

Few SR-VUVCD spectra of oligosaccharides and polysaccharides have been mea-
sured, but the measured VUVCD spectra of unsubstituted oligosaccharides have 
interesting features. The CD spectra of three malto-oligosaccharides with an α-1,4-
glycoside linkage between glucose units (maltose, maltotriose, and maltoheptaose) 
exhibited negative CD around 190 nm and positive CD around 170 nm, and this 
changed markedly as the chain length increased. However, there were no indica-
tions of a chain-length dependence of CD attributable to the formation of a helical 
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structure (Lewis and Johnson Jr 1978), although amylose—which is a polysaccha-
ride composed of maltose units—is known to have a helical conformation in solu-
tion (Wu and Sarko 1978). The CD spectra of an isomalto-oligosaccharide series 
with an α-1,6-glycoside linkage between glucose units (dextran) were measured in 
aqueous solution down to 175 nm and in films down to 150 nm over average molec-
ular weights ranging from 410 to 303,000 (Stipanovic et al. 1980). Although the 
solution spectra did not exhibit the positive CD around 167 nm that was observed in 
film spectra, the ellipticity at 177 nm increased slightly (by less than 10%) with the 
molecular weight, but without showing a critical point around a molecular weight of 
2,000 that was observed in various solution properties (Stipanovic et al. 1980). The 
ability to measure the SR-VUVCD spectra of oligosaccharides in solution would 
yield useful information on the roles of intra- and intermolecular interactions in the 
conformational transition from an oligomer to a polymer, which is an important step 
toward understanding the structures and properties of polysaccharides.

A considerable amount of VUVCD data is available for polysaccharides, most of 
which have been reported by Stevens and coworkers (Stevens 1996; Stipanovic 
et al. 1980; Liang et al. 1979; Stipanovic and Stevens 1980, 1981). All of the studied 
d-glucans consisting of (1 → 3)- and (1 → 4)-linkages exhibit positive bands for the 
α-linkage (e.g., amylose) and negative bands for the β-linkage (e.g., cellulose) at 
164–172 nm, but no such correlation with anomeric configuration is observed for 
(1 → 6) glucans such as dextran and pustulan, with the CD being positive in both 
cases. The band around 180–190 nm is assigned to the ether oxygen atom of the 
linkage and so may reflect the local flexibility of the polysaccharide chain. The CD 
spectrum of pustulan with a β-1,6-glycoside linkage exhibited a positive peak 
around 177 nm but a negative peak around 185 nm, with the pustulan solution turn-
ing into a gel over time at 10°C (Stipanovic and Stevens 1981). X-ray diffraction 
confirmed that the time dependence of this negative peak was attributable to the 
helical formation of pustulan in solution. An agarose solution shows a positive band 
at 180 nm, which decreases in intensity and shifts to longer wavelengths due to 
melting of the gel as the temperature increases (Stipanovic and Stevens 1981). 
Comparing the VUVCD spectra of polysaccharide gels with those theoretically cal-
culated for the cross-linking unit structures would give new insights into the gel-
formation mechanism.

6.4  �Substituted Saccharides

Many biologically important saccharides include various substituents such as car-
boxyl, acetamido, and sulfate groups, some of which exhibit absorption in the far-
UV region. VUVCD measurements in aqueous solutions have revealed that 
N-acetylglucosamine has a negative band around 210 nm, a positive band around 
180 nm, and a shoulder around 190 nm, while N-acetylgalactosamine shows two 
negative bands around 210 and 170 nm and a positive band around 190 nm (Bush 
and Ralapati 1981; Matsuo et al. 2009a). d-Glucuronic acid shows a positive band 
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around 210 nm and a negative band around 185 nm, both of which are strongly 
dependent on the pH value. The electronic transitions of these chromophores are 
influenced in a complex manner by the solvent conditions, the surrounding substitu-
ents, and the ring conformation. The VUVCD spectra of the chitin series of oligo-
saccharides with β-1,4-glycoside linkages between N-acetylglucosamine units all 
exhibit a negative CD band at about 210 nm and a positive band at about 192 nm. 
There is a small progressive increase in the molar ellipticity per monosaccharide 
unit for both the positive and negative bands as the chain length increases (Coduti 
et al. 1977). Carboxymethyl dextran shows very different CD spectra depending on 
the content (degree of substitution), neutralization, and counterions of the carboxyl 
group due to its modified n–π* transition (Gekko 1979).

Glycosaminoglycans, which are typical substituted polysaccharides, are linear 
polymers composed of repeating disaccharide units of hexosamine (glucosamine or 
galactosamine) and uronic acid (glucuronic or iduronic acid). These disaccharide 
units have similar structures, while glycosaminoglycans exhibit very different 
VUVCD spectra in aqueous solution, as shown in Fig. 6.7 (Matsuo et  al. 2009a; 
Chakrabarti 1981). The differences in the CD spectra are larger in the VUV region 
than in the far-UV region, indicating that VUVCD spectroscopy provides much more 
information about the structures of glycosaminoglycans in aqueous solution. The 
configuration of the carboxyl group and the number and position of sulfate group 
definitely influence the spectra in the VUV region. Theoretically assigning the bands 
in the VUV region is difficult due to the large number of overlapping electronic tran-
sitions (n–π*, π–π*, and n–σ*) and the modified ring conformation. However, the 
contributions of the substituents may be estimated by comparing the spectra of poly-
saccharides and the constituent monomers such as N-acetylglucosamine and d-gluc-
uronic acid.

As described above, saccharides exhibit complex VUVCD spectra due to their 
structural diversity. However, the high sensitivity of VUVCD spectra to the 
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electronic transitions of chromophores can provide important and new information 
about the conformation, interaction, and hydration of saccharides in solution. 
Combining VUVCD spectroscopy with theoretical calculations is therefore a pow-
erful technique for elucidating the structural biology of glycoconjugates.

6.5  �Application to Glycoprotein

Glycoproteins are difficult targets for structural analysis because they are barely 
crystallized and exceed the size measurable by NMR spectroscopy. VUVCD spec-
troscopy can detect the CD spectra of sugar moieties in the VUV region below 
200 nm, thereby improving the predictive accuracy of the secondary structures.

Human α1-acid glycoprotein (AGP) is the major acute-phase protein that exhibits 
the ability to bind to neutral drugs and steroid hormones. This protein consists of 
183 amino acid residues, while its 5 glycan chains constitute about 40% of the total 
mass (36 kDa), and so hence its tertiary structure was unknown until Schönfeld 
et al. (2008) successfully applied X-ray crystallography to the recombinant ungly-
cosylated protein (Schönfeld et al. 2008). Also, Nishi et al. (2011) studied the dif-
ferences in drug-binding selectivity based on the crystal structures (Nishi et  al. 
2011). Although the constituent carbohydrate groups are generally thought to have 
little effect on the structure and function of glycoproteins, the tertiary structure of 
intact AGP (its glycosylated form) remains unknown. Its native state exhibited a 
characteristic VUVCD spectrum (down to 160  nm) of β-strand-rich proteins, as 
shown in Fig. 6.8 (Matsuo et al. 2009b). The VUVCD spectrum of the protein moi-
ety was obtained by subtracting the contributions of the constituent sugars (l-fucose, 
d-mannose, d-galactose, N-acetylglucosamine, and N-acetylneuraminic acid) (inset 
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K. Matsuo and K. Gekko



115

of Fig. 6.8). The glycan chains make small but non-negligible contributions to the 
secondary structure. The spectrum of the protein moiety indicates that it comprises 
37.7% β-strands (ten segments) and 14.4% α-helices (three segments), which is 
almost consistent with the structure predicted by homology modeling due to the 
Modeller package, but differs considerably from that based on the X-ray structure: 
39.3% β-strands (eight segments) and 25.7% α-helices (four segments) (Schönfeld 
et al. 2008). This large difference between the VUVCD estimate and X-ray data 
suggests that the constituent glycan chains—if they have any structural effects—can 
affect the tertiary structure in the N- and C-terminal regions, since the effects of 
crystal packing might not be disregarded (Schönfeld et al. 2008). These observa-
tions indicate that VUVCD spectroscopy is useful for predicting the intact structure 
of glycoproteins, which is essential for understanding their structure–function 
relationships.

6.6  �Conclusions

VUVCD spectroscopy using SR has yielded novel detailed information about the 
structures of saccharides in solution that are unobtainable by conventional CD spec-
troscopy. Although VUVCD spectroscopy, unlike X-ray crystallography or NMR 
spectroscopy, does not provide information at atomic spatial resolutions, it can be 
used to analyze the equilibrium conformation associated with the structural dynam-
ics, intramolecular hydrogen bonds, and hydration of monosaccharides in combina-
tion with theoretical calculation of the spectra, expanding its applicability to solution 
chemistry. Since the structures of numerous glycoconjugates are difficult to analyze 
by X-ray crystallography or NMR spectroscopy, the role of SR-VUVCD spectros-
copy is very likely to increase in structural glycobiology.
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Chapter 7
Biophysical Analyses for Probing Glycan-
Protein Interactions

Masamichi Nagae and Yoshiki Yamaguchi

Abstract  Glycan-protein interactions occur at many physiological events, and the 
analyses are of considerable importance for understanding glycan-dependent mech-
anisms. Biophysical approaches including 3D structural analysis are essential for 
revealing glycan-protein interactions at the atomic level. The inherent diversity of 
glycans suits them to function as identification tags, e.g., distinguish self from the 
nonself components of pathogens. However, the complexity of glycans and poor 
affinities for interaction partners limit the usefulness of conventional analyses. To 
cope with such troublesome glycans, a logical sequence of biophysical analyses 
need to be developed. In this chapter, we introduce a workflow of glycan-protein 
interaction analysis consisting of six steps: preparation of lectin and glycan, screen-
ing of glycan ligand, determination of binding epitope, quantitative interaction 
analysis, 3D structural analysis, and molecular dynamics simulation. Our increasing 
knowledge and understanding of lectin-glycan interactions will hopefully lead to 
the design of glyco-based medicines and vaccines.

Keywords  Glycan microarray · Nuclear magnetic resonance · X-ray crystallogra-
phy · Isothermal titration calorimetry · Surface plasmon resonance · Molecular 
dynamics simulation · Frontal affinity chromatography
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ITC	 Isothermal titration calorimetry
MD	 Molecular dynamics
NMR	 Nuclear magnetic resonance
SPR	 Surface plasmon resonance
STD-NMR	 Saturation transfer difference NMR
trNOE	 Transferred nuclear Overhauser effect

7.1  �Introduction

Glycan-protein interactions are crucial for numerous biological processes such as 
quality control of nascent proteins, cell-cell interaction, and pathogenic recognition. 
Of special interest is the breadth of glycan-mediated recognition events, which 
comes from the extremely high information-coding capacity of glycans. The diver-
sity of oligosaccharides is inherent in their configurational variability, created by the 
broad range of monosaccharide species, anomeric configurations, multiple link-
ages, and branching. Glycan complexity is potentially suitable for coding biological 
information, and interest is growing to “decode” the sugar codes. To this end, inves-
tigating glycan-protein interaction at the atomic level is a necessity as only then will 
we understand the detailed mechanisms of these glycan-mediated biological activi-
ties. Recent techniques introduced include glycan microarray analysis and other 
high-throughput screening methods, and now we can begin to have a more system-
atic approach to analyzing glycan-protein interactions. We here introduce biophysi-
cal approaches to analyze the structure and function of glycan-protein interactions.

7.2  �A Flowchart for Analyzing Glycan-Protein Interactions 
by Biophysical Methods

Biophysical investigation of glycan-protein interactions is typically divided into six 
steps in our laboratory:

	1.	 Large-scale preparation of protein and glycan
	2.	 Screening of glycan ligand
	3.	 Determination of binding epitope (glycotope)
	4.	 Quantitative glycan-protein interaction analysis
	5.	 3D structural study on protein-glycan interaction
	6.	 Molecular dynamics simulation of glycan-protein interaction

Crystallographic and nuclear magnetic resonance (NMR) analyses are direct 
methods for obtaining atomic details of glycan-protein interactions if the binding 
epitope is known. In those cases where the binding epitopes are unknown, biophysi-
cal approaches such as listed above are required for structural studies. A computa-
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tional approach combined with experiments is especially effective to investigate the 
flexible nature of glycans.

7.3  �Large-Scale Preparation of Protein and Glycan

Biophysical studies require large amounts of protein and glycan. In general, much 
effort needs to be paid for their preparation. Examples of our achievements are 
shown below.

7.3.1  �Preparation of Protein

Carbohydrate recognition domain (lectin domain) or glyco-enzymes directly bind 
glycan, and it is convenient to use the isolated domain for biophysical interaction 
analysis. Normally, 5–10 mg of purified protein is required. Bacterial expression 
systems are frequently used to express lectin domains in recombinant form 
(Fig. 7.1a), but obtaining large amounts of pure lectin in a soluble form is often dif-
ficult using bacterial expression systems. For instance, C-type lectin and C-type 
lectin-like domains contain three conserved disulfide bridges, and the cysteine resi-
dues hamper soluble expression with correct folding. Refolding of protein from 
inclusion bodies may be needed to produce functional lectin domains. The protein 
is solubilized and refolded under controlled conditions. This refolding procedure 
has been effective for the purification of mammalian C-type lectins and C-type 
lectin-like domains (Nagae et al. 2013b, 2014a, b, 2016b).

Fusion of a tag protein can improve the solubility of target proteins. In our labo-
ratory, several fusion tags have been used, including protein disulfide isomerase 
(PDI) and B1 domain of streptococcal protein G (GB1). Single chain Fv (scFv) 
originating from anti-carbohydrate MLS128 antibody was successfully expressed 
as a soluble form with PDI fusion (Subedi et al. 2012), while the other fusion tags 
such as thioredoxin or disulfide isomerase DsbC were not sufficient to produce 
soluble scFv (Fig. 7.1b). The expressed MLS128-scFv retains full binding activity 
toward synthetic carbohydrate antigens. The lectin domain of a C-type lectin-like 
receptor Dectin-1 was expressed as a GB1-fused protein (Dulal et al. 2016). The 
domain is correctly folded, is a monomer, and specifically binds a β-glucan ligand. 
The addition of the GB1 tag to the lectin domain greatly increased both yield (five-
fold) and solubility (14-fold) (Fig. 7.1c).

Bacterial expression systems are the first choice for protein expression but are 
not always successful for glycosylated proteins. In these cases, mammalian expres-
sion systems may be necessary to express correctly folded proteins with posttrans-
lational modifications. HEK293 cells, CHO cells, and their variant cells are 
frequently used as hosts. For example, protein O-mannosyl kinase (POMK), which 
phosphorylates the mannose residue on α-dystroglycan, has three N-glycosylation 
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Fig. 7.1  Large-scale preparation of recombinant proteins (a) A flowchart of large-scale prepara-
tion of lectins for 3D structure and interaction studies (b) Small-scale expression of differently 
fused MLS128-scFv in BL21 CodonPlus (left) and Origami B (right) strains analyzed by SDS-
PAGE. M: Molecular weight of marker proteins; Lanes 1–8, odd number lanes are composition of 
total cell lysates, and even number lanes are composition of soluble cell lysates. Lanes 1 and 2 for 
scFv without fusion tag, Lanes 3 and 4 for thioredoxin (Trx)-fused scFv, Lanes 5 and 6 for DsbC-
fused scFv, and Lanes 7 and 8 for PDI-fused scFv. The figure was adapted from a previous paper 
(Subedi et  al. 2012) with permission (c) Comparison of expression yield of Dectin-1 with and 
without GB1 fusion tag before and after concentration (to 1 mL) of purified sample. Results are 
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sites within the catalytic domain, and two sites out of three are partially 
N-glycosylated. To abolish the heterogeneity originating from partial N-glycan 
occupancy, two asparagine residues were mutated to glutamine and the mutated 
POMK expressed in HEK293 variant cells lacking N-acetylglucosaminyl transfer-
ase I (GnT-I), to produce uniformly glycosylated protein (Man5GlcNAc2-glycan 
attached), which was successfully crystallized and the atomic structure elucidated 
(Nagae et al. 2017b).

7.3.2  �Preparation of Glycan

It is another challenge to obtain sufficient amounts of glycan and glycoconjugates 
suitable for biophysical assays. Prior to interaction analysis, it is necessary to design 
and prepared a suitable glycan ligand. Ligand design is an extremely important step. 
The design may arise from information in the literature, or else the binding specific-
ity needs to be ascertained experimentally (Steps 2 and 3). Several methods can be 
used to prepare glycan ligands: (1) purification of a free natural glycan or liberation 
of a specific glycan from natural glycoconjugates (glycoprotein, glycolipid, etc.), 
(2) chemical synthesis, and (3) chemoenzymatic synthesis. Liberation of glycan 
from natural glycoprotein can yield large amounts of glycan provided that there is a 
plentiful supply of the natural glycoprotein. N-glycans attached onto glycoproteins 
can be liberated by chemical methods (e.g., hydrazinolysis) or by enzymatic meth-
ods (e.g., PNGase F) and then labeled with a fluorescent tag 2-aminopyridine for 
detection. Pyridylamino derivatives of oligosaccharides can be purified by HPLC, 
and their chemical structures confirmed by solution NMR spectroscopy and mass 
spectrometry. For example, a biantennary N-glycan bearing bisecting GlcNAc was 
successfully purified with a yield of 120 μg from 200 mg of IgG and used for the 
analysis of a plant lectin E4-PHA (Nagae et al. 2014c, 2016b).

Glycan ligands “designed” through synthetic approaches are of great importance 
in structural studies. N-glycan core units in particular cannot be prepared easily by 
enzymatic approaches, and chemical synthesis plays a significant role (Hanashima 
et  al. 2014b). Synthetic bisected hexasaccharide has been used as ligand for the 
C-type lectin receptor murine DCIR2, the legume lectin PHA-E, and the plant lectin 
Calsepa. The use of designed synthetic ligands has been invaluable for revealing the 
ligand recognition mode of these lectins by X-ray crystallography and NMR.

Recombinant and/or chemoenzymatic methods have been developed to obtain 
sufficient amounts of glycopeptides for structural analysis. It is known that several 
lectins recognize not only the glycan part but also the aglycon part (Nagae and 
Yamaguchi 2015), and here it is best to use the appropriate glycoconjugate (e.g., 
glycopeptide, glycolipid, etc.) as the ligand molecule. A C-type lectin receptor 
CLEC-2 binds to O-glycosylated podoplanin, and binding requires both disialyl 
core 1 glycan (NeuAcα2-3Galβ1–3[NeuAcα2–6]GalNAc) and neighboring amino 
acid residues. The O-glycosylated podoplanin glycopeptide was prepared by over-
expression using engineered yeast cells and in vitro sialylation (Kato et al. 2008). 
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The substrate of POMK was chemoenzymatically synthetized, composed of core 
M3 trisaccharide unit (GalNAcβ1–3GlcNAcβ1-4Man) and α-dystroglycan peptide. 
Mono-mannosylated peptide was chemically synthesized in advance, and then addi-
tional disaccharide units were successively introduced by two glycosyltransferases 
(Nagae et al. 2017b).

7.4  �Screening of Glycan Ligand

It is very important to understand how glycans function in recognition and signaling 
systems within an organism and the responses with microbes and pathogens 
(Cummings and Pierce 2014). Heterogeneous glycans are potentially a vast source 
of information, and glycan microarrays embedding such diverse glycans are now 
becoming one of the key technologies to provide information on recognition deter-
minants (glycotopes) of carbohydrate-binding proteins (Feizi and Chai 2004; 
Geissner and Seeberger 2016).

7.4.1  �Glycan Microarray

When doing the glycan microarray analysis, it is essential to immobilize a series of 
glycans onto the plate. The immobilization is one of the critical issues in the devel-
opment of a glycan microarray. There are several ways to immobilize carbohydrate 
probes onto a suitable surface with retention of function. The chemically modified 
or unmodified glycans can be non-covalently or covalently attached onto the surface 
(Fig. 7.2a). Neoglycolipid (NGL) is an artificial glycolipid used to construct glycan 
microarrays via non-covalent interaction. In NGL technology, lipid-conjugated oli-
gosaccharides prepared from natural sources or chemically synthesized are immo-
bilized onto nitrocellulose-coated microarray slides (Palma et al. 2014). In covalent 
immobilization, various chemical reactions have been developed (Hyun et al. 2017). 
Among them, the conjugation reaction using amine-linked glycans is most widely 
used, and the Consortium for Functional Glycomics uses this chemistry for a glycan 
microarray platform (Fig.  7.2b). Several different functional groups which react 
with amines are utilized such as cyanuric chloride, N-hydroxysuccinimide ester 
(NHS), and epoxide. Measuring lectin binding requires labeling of the lectin with a 
fluorescent probe or the use of an antibody. Even so carbohydrate-lectin interaction 
is often too weak to be detected. In such cases, oligomerization of the lectin is a 
strategy to enhance inherent weak binding. Interactions may be detected by intro-
ducing dimeric glutathione S-transferase (GST) into the lectin as a fusion tag, as in 
the case of a mammalian lectin ZG16p-binding immobilized glycans (Kanagawa 
et al. 2014; Hanashima et al. 2015). Alternatively, it is possible to enhance binding 
by increasing the amount of surface glycans (Hanashima et al. 2015). However, it 
should be noted that the density of immobilized glycans may affect the specificity 
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of lectins (Horan et al. 1999). Instead of fluorescence detection, label-free glycan 
biosensors have been developed to push the limit of detection (Hushegyi and Tkac 
2014).

Glycan microarrays have various applications. Microarrays usually simply 
display relative binding affinity, but quantitative parameters (e.g., dissociation 

Fig. 7.2  Glycan microarray analysis for the lectin specificity
(a) Non-covalent and covalent glycan immobilization for glycan microarray analysis
(b) On-array inhibition assays for analyzing the binding of GST-fused human ZG16p to selected 
ligands which are non-covalently immobilized on the plate as neoglycolipids. Man-α-OMe, Gal-
β-OMe (upper panel), oligosaccharide fractions (>20-mer) of heparin (Hep), and hyaluronic acid 
(HA) (lower panel) were used as inhibitors. This figure was adapted from a previous paper 
(Kanagawa et al. 2014) with permission
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constant, KD) can be obtained by applying various concentrations (Liang et  al. 
2007). The estimated KD values are comparable to those obtained by other methods 
such as surface plasmon resonance (SPR). Moreover, effects of heterogeneous gly-
can mixing can be evaluated by immobilizing a mixture of glycans onto one spot 
(Liang et al. 2011). On-array inhibition assays can show if two different ligands 
bind competitively to the lectin (sharing a common binding site) or independently 
(each using a different binding site) (Fig.  7.2b) (Kanagawa et  al. 2014). Glycan 
microarrays can also evaluate direct binding of mammalian cells and viruses 
(Nimrichter et al. 2004; Song et al. 2011), as well as biologically active glycans, if 
cell signaling can be linked to a fluorescent probe (Pai et al. 2016). This could result 
in rapid progress toward elucidating pathway-specific glycans.

7.4.2  �Other Screening Methods to Evaluate Lectin-Glycan 
Interaction

Glycan microarray analysis often may overestimate the strength of weak binding, 
and weak binding is often seen in carbohydrate-lectin interactions. In addition, non-
specific binding is usually present, which contributes a background signal. Therefore 
it is preferable to include other screening methods to validate the results. Several 
methods have already been developed to screen glycans which bind target lectins. 
The thermal shift assay is widely used for ligand screening. In this approach, melt-
ing temperature is measured in the absence and the presence of ligands and any 
shifts assessed (Vedadi et al. 2006). A temperature shift is indicative of increased 
stability acquired upon ligand binding. The purified protein is mixed with ligand in 
the presence of a fluorescent probe, such as SYPRO Orange, that binds to the dena-
tured state. This method is simple and can be used for rapid ligand screening. Frontal 
affinity chromatography (FAC) can quantitatively evaluate weak interactions 
between lectins and glycans, as explained in the following section. The FAC method 
can also be used to screen for ligand binding. NMR is an excellent technique to 
determine the binding epitope of a lectin-glycan interaction. When the binding epi-
tope is determined, a suitable ligand of minimum size is designed for use in X-ray 
crystallography. NMR can also be applied to high-throughput ligand screening 
(Meyer and Peters 2003) and be advantageously used with a mixture of binder and 
non-binders.

7.5  �Determination of Binding Epitope

The binding epitope of a glycan (glycotope) can be deduced from the results of 
glycan microarray and FAC analysis using a series of glycans. More directly, NMR 
spectroscopy can provide the glycotope at atomic level. NMR spectroscopy has 
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demonstrated its potential with a wide range of applications for studies of structure 
and function of biological molecules. The unique potential of NMR spectroscopy is 
its ability to generate high-resolution data not only on structure but also on dynam-
ics and binding interactions. There are many types of NMR experiments that can be 
applied for very different experimental conditions both for the sample and the NMR 
parameters. NMR experiments provide various parameters such as chemical shifts, 
spin-spin couplings (J couplings), nuclear  Overhauser effect (NOEs), and relax-
ation times. These parameters provide the atomic information on chemical environ-
ment, dihedral angles, distance, and mobility, respectively. Here two NMR 
techniques, saturation transfer difference NMR (STD-NMR) and deuterium-
induced isotope shift (DIS), are described below.

7.5.1  �Saturation Transfer Difference NMR in Lectin–Glycan 
Interactions

Saturation transfer difference NMR (STD-NMR) spectroscopy is a method for 
studying protein-ligand interactions by observing signals emanating from the ligand 
(Mayer and Meyer 2001; Haselhorst et al. 2009). When the target protein is satu-
rated with selective pulses, the saturation is transferred to a bound ligand through 
intermolecular 1H-1H cross relaxation (Fig. 7.3a). Protons which are spatially close 
to the protein surface receive a higher degree of saturation compared with protons 
further away, and those on a non-binding ligand do not receive any saturation from 
the protein and are therefore not attenuated in the on-resonance spectrum. The sub-
traction of two spectra, one with protein resonance saturation (on-resonance) and 
the other without saturation of the protein resonance (off-resonance), results in a 
final STD-NMR spectrum showing only signals from bound ligands. For binding 
epitope analyses, the signal intensities of each peak are evaluated from an amplifica-
tion factor (AF) = (Ioff – Ion)/Ioff, where Ion is the on-resonance signal intensity and Ioff 
is off-resonance signal intensity. Association constants can be estimated from a plot 
of AF against ligand concentration or initial growth rates of STD AF (Hanashima 
et al. 2010; Angulo et al. 2010). STD-NMR requires only a small amount of native 
protein, and no expensive protein labeling is necessary. STD-NMR spectroscopy 
can be utilized to detect binding of ligands with KD values in the 10−2–10−8 M range. 
Often screening for optimum STD-NMR conditions is required, such as probe tem-
perature and optimal ligand-to-protein ratio (Fig. 7.3b). D2O solvent is preferred 
over H2O, to avoid direct and water-mediated saturation artifacts. High-affinity 
ligands typically reside longer within the protein binding site, undergo slow chemi-
cal exchange, and are thus not detectable by STD-NMR spectroscopy.

1D STD-NMR analysis is often hampered by severe overlapping of non-anomeric 
signals. For instance, the ring proton signals from the two branches (α1-3 and α1-6 
branches) of bisected biantennary N-glycan largely overlap in 1D STD-NMR analy-
sis. In contrast, the methyl proton signals from GlcNAc and core fucose are sharp 
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Fig. 7.3  Saturation transfer difference NMR (STD-NMR) analysis for group epitope mapping
(a) Basic principle of saturation transfer difference NMR (STD-NMR). The ligand protons which 
receive saturation from the protein are highlighted in red. From the degree of ligand saturation, one 
can map the group epitope which is recognized by the protein
(b) STD-NMR spectra of (Neu5Ac)6 with an anti-polysialic acid antibody 12E3 at 10 °C (ii), 20 °C 
(iii), and 30 °C (iv) with the control 1H-NMR spectrum (off-resonance) at 10 °C (i). STD-NMR 
spectra were collected by irradiating iteratively at 7 ppm (on resonance)/ 40 ppm (off resonance). 
x; the signals from low-molecular-weight impurities, which are nearly null in STD-NMR spectra. 
This figure was adapted from a previous paper (Hanashima et al. 2013) with permission
(c) STD-NMR spectrum (lower) and reference 1H-NMR spectrum (upper) of the di-galactosylated 
biantennary glycan bearing bisecting GlcNAc and core fucose (top panel) in the presence of PHA-E 
(glycan: subunit molar ratio is 1:2). Normalized amplification factor (GlcNAc-2 signal is set to 
100%) is shown in parenthesis. The signal indicated with an asterisk originates from PHA-E protein. 
This figure was adapted from a previous paper (Nagae et al. 2014c) with permission. Crystal structure 
of PHA-E in complex with bisected N-glycan (PDB code: 5AVA) is shown in right panel
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and well separated for certain glycans. Hence these signals can be used as a reliable 
probe for branch-specific epitope mapping as exemplified by an analysis of the 
interaction between biantennary bisected glycan and a legume lectin PHA-E (Nagae 
et al. 2014c). The methyl proton signals of GlcNAc from outer branches and inner 
chitobiose unit show almost comparable intensities, indicating that the entire glycan 
contributes equally to binding with PHA-E (Fig. 7.3c). Consistent with this result, 
the crystal structure of bisected glycan-PHA-E complex showed that most sugar 
residues of the glycan ligand are recognized by PHA-E (Fig.  7.3c, right panel). 
Another approach is the use of 2D 1H-13C STD-heteronuclear single quantum coher-
ence (HSQC) to avoid the severe signal overlap in 1D NMR spectra. 2D STD- spec-
tra have been collected to investigate the interaction between oligosialic acid and 
anti-oligosialic acid antibodies, 12E3 and A2B5 (Hanashima et  al. 2013). STD-
NMR is also applicable to analyze multiple binding modes of a unique ligand in a 
single binding site (Angulo and Nieto 2011). The duplicate sugar-binding modes of 
C-type lectin, DC-SIGN (Angulo et  al. 2008), and anti-HIV antibody, 2G12 
(Enríquez-Navas et al. 2012), have been analyzed in this way.

7.5.2  �Application of 13C-NMR Using Deuterium-Induced 
Isotope Shift

In solution NMR experiments, it is difficult to directly observe the hydroxyl protons 
of glycans because of their inherently fast exchange with water protons. Deuterium 
secondary isotope shifts on 13C-chemical shifts (deuterium-induced 13C isotope 
shifts, DIS) have been observed at the geminal 13C-signal of exchangeable hydroxyl 
protons (Pfeffer et al. 1979). In the presence of H2O and D2O, the line shape of the 
13C-OH/D signal is highly dependent on the H/D exchange rate (Fig. 7.4a). In a very 
slow H/D exchange environment, a deuterium-induced 13C isotope shift (DIS) is 
observed in corresponding isotopomers, 13C-OH and 13C-OD, with a 0.09–0.15 ppm 
difference, whereas in the case of fast exchange, the equilibrium makes each isoto-
pomer indistinguishable and gives a singlet signal at an averaged chemical shift.

This NMR technique has been applied in the weak carbohydrate-carbohydrate 
interaction of LewisX (Hanashima et al. 2011). LewisX, a trisaccharide of galactose, 
fucose and GlcNAc, is often found at the termini of glycolipids and glycoproteins 
and initiates cell-cell interactions by forming a LewisX-Ca2+ complex (Eggens et al. 
1989). Calcium-dependent intermolecular interactions of the LewisX-Ca2+ complex 
are observed, via the proton exchange rates of each hydroxyl group in an equimolar 
H2O/D2O solution (Fig. 7.4b). The conformation of the glycan ligand can also be 
analyzed by this method, including that of β(1,3)-glucan dependent on the degree of 
polymerization (DP) (Hanashima et  al. 2014a). With β-glucan, the exchange of 
13C-OH/D is dramatically retarded as DP extends, suggesting changes in quaternary 
structure (Fig. 7.4c). Recently a new two-dimensional 1H-13C NMR method, named 
INTOXSY, was developed to estimate the H/D exchange rate constants of OH 
groups based on DIS (Battistel et al. 2017).
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Fig. 7.4  Hydrogen exchange analysis using deuterium-induced isotope shift
(a) Deuterium-induced 13C isotope shifts for analyzing the proton exchange rate of sugar hydroxyl 
groups. kex, exchange rates of hydroxyl protons with water. The chemical shift difference (isotope 
shift) is ~0.15 ppm, which is not dependent on the magnetic field
(b) 13C-NMR spectra of 40 mM LewisX tetrasaccharide with expanded secondary carbon area. 
LewisX at 5 °C (top), and LewisX with 1.0 M calcium chloride at 5 °C (bottom). The sample was 
dissolved in 10 mM sodium acetate buffer (pH 6.0) composed of H2O:D2O = 1:1
(c) 13C-NMR spectra of short β1–3-glucans DP7 (red) and laminarin (black) at 5, 10, 15, 20, and 
25 °C. 13C-NMR signal focuses on the C4 position. All ligands were dissolved in the same buffer 
shown in (B). The figures were adapted from previous papers (Hanashima et al. 2011, 2014a) with 
modifications
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7.6  �Quantitative Lectin-Glycan Interaction Analysis

Like other protein-ligand interactions, lectin-glycan interactions are characterized 
by several biophysical properties, such as the dissociation constant Kd, thermody-
namics parameters such as enthalpy ΔH and entropy ΔS, and kinetics (e.g., kon and 
koff rate constants). Many quantitative biophysical methods exist to analyze lectin-
glycan interactions such as frontal affinity chromatography (FAC) analysis, isother-
mal titration calorimetry (ITC), and surface plasmon resonance (SPR). All these 
methods can provide Kd; however, a suitable method needs to be selected for each 
purpose. Among them, ITC can be performed without labeling or immobilization of 
lectin or glycan. A lot of sample (typically 10 mmol for ligand and protein) is usu-
ally needed. In FAC analysis, immobilization of lectin is required, and the glycan 
must be labeled for detection. SPR also requires immobilization of lectin or glycan, 
but amount of sample is typically small. Combining complementary methods pro-
vides more insights than a single method.

7.6.1  �Frontal Affinity Chromatography (FAC)

Frontal affinity chromatography (FAC) is a powerful method to assess lectin-glycan 
interactions as it is applicable to weak interactions (Tateno et  al. 2007). In FAC 
analysis, glycans are applied to a lectin-immobilized column and the elution profile 
monitored. Dissociation constants for each glycan are calculated from the 
equation:
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where V and V0 are the elution volumes of the column and negative control, respec-
tively. Bt is the effective lectin content expressed in mole, and [A]0 is the initial 
glycan molar concentration. The amount of analyte needed depends on the affinity 
of analyte and ligand: higher affinities require smaller amounts.

An example of FAC analysis is that of the binding of various N-glycans to a 
mannose-binding Jacalin-related lectin Calsepa. The lectin was immobilized on the 
column, and a panel of pyridylaminated (PA) or p-nitrophenyl (pNP) glycans were 
successively passed through the column. In this way, Calsepa was found to specifi-
cally bind bisected N-glycans (Nagae et al. 2017a) (Fig. 7.5a). The specificity is 
explained by the crystal structure of bisected glycan-Calsepa complex (Fig. 7.5a, 
right). The ligand is in a flipped-back conformation, which bisected glycan prefers, 
and the unique ligand conformation enables the 2:1 sandwich binding mode.
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Fig. 7.5  Quantitative analyses of lectin-glycan interaction
(a) FAC analysis of a mannose-binding Jacalin-related lectin Calsepa toward N-glycans. 
Association constant (KA) of Calsepa lectin for each glycan is shown. Monosaccharide symbols 
follow the SNFG (symbol nomenclature for glycans) system (Varki et al. 2015). The FAC data is 
adapted from a paper (Nagae et al. 2017a) with permission. Crystal structure of Calsepa in com-
plex with bisected glycan (corresponding to #104) is shown in right panel (PDB code: 5AV7)
(b) Isothermal titration calorimetry (ITC) analysis of scFv735 using polysialic acid (PolySia, DP 
80–130) (left). Bar graph and table of thermodynamic parameters for DP4, DP5, DP6, and PolySia 
are shown in middle panel. Crystal structure of scFv735 in complex with octa-sialic acid (DP8) is 
shown in the right panel (PDB code: 3WBD)
(c) Surface plasmon resonance (SPR) analyses of the protein-protein interaction between p24β1 
and p24δ1 GOLD domains. (i) Sensorgram showing the interaction between immobilized p24δ1 
GOLD domain and analyte p24β1 GOLD domain. p24β1 GOLD domain aliquots (0, 5, 25, 50, 
100, 200, and 400 μM) were injected for 60 s at a flow rate of 30 μl/min. Subtracted sensorgrams 
with blank lanes are shown. (ii) Sensorgram showing the interaction between immobilized p24β1 
GOLD domain and analyte p24δ1 GOLD domain. The dilution series of p24δ1 GOLD domain are 
the same as those of p24β1 GOLD domain shown in (i). The SPR data was adapted from a paper 
(Nagae et al. 2016a) with permission
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7.6.2  �Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a technique that directly determines ther-
modynamic parameters of protein-ligand interactions (Dam et al. 2016). In a single 
experiment, ITC measures n (number of binding sites on the protein), ΔH (enthalpy 
of binding), and KA (association constant). From the KA value, the free energy of 
binding (ΔG) and the entropy of binding (ΔS) can be calculated from the following 
equation:

	 D D DG H T S RT K= - = - ln A 	

where ΔG, ΔH, and ΔS are the changes in free energy, enthalpy, and entropy of 
binding, respectively. T is the absolute temperature and R is the gas constant 
(8.314 J/mol/K).

An example is the ITC analysis of an anti-polysialic acid antibody 735. This 
antibody shows high affinity toward α2–8-linked polysialic acid as the degree of 
polymerization (DP) increases. To investigate the DP-dependent affinity enhance-
ment mechanism, a series of oligo (DP4–6) and polysialic acids (DP 80–130) and 
single chain Fv originating from antibody 735 (scFv735) were evaluated by ITC 
(Nagae et al. 2013a) (Fig. 7.5b). As DP increases so does the affinity of scFv735. 
Thermodynamic parameters revealed that a large entropy loss upon interaction 
(TΔS = −72.7 kcal/mol for polysialic acid) is compensated for by a larger enthalpy 
gain (ΔH = −80.1 kcal/mol). Importantly, the crystal structure of scFv735-ligand 
complex indicates that antibody 735 can recognize internal residues of polysialic 
acids (Fig.  7.5b, right). Therefore, increasing DP may provide a rapid cycle of 
dissociation-association and thereby enhance the affinity (Nagae and Yamaguchi 
2014).

Typical lectin-glycan interactions are exothermic, but occasionally an endother-
mic reaction is observed, e.g., interaction between heparan sulfate and 
heparin-binding hemagglutinin (Huang et al. 2017). Kinetic parameters can also be 
obtained from ITC experiments (Burnouf et al. 2012; Vander Meulen et al. 2016).

7.6.3  �Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is one of the most widely used analytical meth-
ods for detecting biomolecular interactions and kinetics. It monitors interactions 
between an immobilized ligand on a thin metal layer and a soluble-free analyte by 
detecting changes in the resonance angle due to an increase in concentration of 
analyte at the surface. SPR can monitor real-time interaction with biosensors by 
measuring the resonance units against time.

Sensorgrams can be utilized for the determination of kinetic parameters, associa-
tion/dissociation constants (KA/KD), on/off rates (kon/koff), as well as thermodynam-
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ics parameters. There are two major methods to calculate kinetic parameters, first is 
by directly fitting the curve sensorgram to ideal binding models (more applicable to 
slow association/dissociation binding) and the second is steady-state analysis (for 
fast association/dissociation interactions). Maximum resonance values of a series of 
analyte concentrations (Req) are plotted against analyte concentration. In simple 1:1 
steady-state binding model, the plot is fitted to the following equation:

	
R C R C Keq max D= ´ +( )/

	

where C is concentration of analyte, Rmax is maximum binding response, and KD is 
the equilibrium dissociation constant. For example, the heterophilic interaction of 
p24 Golgi dynamics (GOLD) domains is shown between p24β1 and p24δ1. These 
GOLD domains interact with each other to form a hetero p24 family protein com-
plex which is involved in the transport of glycosylphosphatidylinositol (GPI)-
anchored proteins. The sensorgram shows fast association/dissociation binding and 
was analyzed by a 1:1 steady-state model (Nagae et al. 2016a) (Fig. 7.5c). To avoid 
immobilization artifacts, two experiments were performed: first p24β1 was immo-
bilized and p24δ1 injected and then the vice versa experiment performed. The esti-
mated KD values of the two runs are comparable (1.2 × 10−4 and 1.5 × 10−4 M). SPR 
is widely used in lectin-glycan interactions, either alone or combined with other 
methods such as the enzyme-linked immunosorbent assay (ELISA), ITC, and ther-
mal shift assays (Wesener et  al. 2015; Ribeiro et  al. 2016; Machon et  al. 2017). 
When the lectin is immobilized and glycan injected, the SPR detection limit needs 
to be confirmed in advance. To overcome the sensitivity problem, biotinylated car-
bohydrates are immobilized onto streptavidin or neutravidin-coated sensor chips. 
Diluted lectins are injected and affinities calculated.

7.7  �3D Structural Studies on Lectin-Glycan Interactions

Biophysical data of lectin-glycan interaction is strengthened when combined with 
structural data obtained from X-ray crystallography and NMR spectroscopy. X-ray 
crystallography is the favored method to determine the 3D structures of protein-
ligand complexes at atomic resolution. However, glycans are highly flexible in solu-
tion, and the electron density is sometimes missing even in the presence of lectin. In 
contrast, solution NMR analyses such as titration assays and transferred nuclear 
Overhauser effects (trNOE) can give a more realistic picture under physiological 
conditions. Titration assays provide affinities, while trNOEs give intramolecular 
distance constraints of the bound glycan. This chapter focuses on NMR analysis of 
lectin-glycan interaction.
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7.7.1  �NMR Titration Study

For any binding scheme, a ligand exchanges between free and bound states with rate 
constant k (expressed per second). In NMR spectra, resonance frequencies of bound 
and free ligand are different, with Δν representing the chemical shift difference 
(expressed in Hz). In a fast exchange regime, k >> Δν, the signal will appear in a 
population-weighted position between free and bound resonances. This allows one 
to monitor binding using the chemical shift change. In 1H-15N HSQC experiments, 
the dissociation constant KD can be obtained by plotting the weighted chemical shift 
change, Δδ, as a function of the carbohydrate/protein molar ratio. Δδ of each con-
centration is calculated with the following equation:
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where ΔδH and ΔδN are the observed chemical shift changes (ppm) of 1H and 15N 
and α is a scaling factor (typically 0.1~0.2). Then the dissociation constants is esti-
mated by fitting the curve:
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where Δδmax is the maximum chemical shift change, [L]T the total ligand concentra-
tion, [P]T the total protein concentration, and KD the dissociation constant for a 1:1 
binding equilibrium.

In a slow exchange regime, k < < Δν, two distinct resonances are observed, cor-
responding to the free and bound states. Increasing concentrations of carbohydrate 
increases the signal of the bound form and decreases that of the free. When the 
exchange rate is comparable to the frequency difference between the two states 
(intermediate exchange regime), k  ~ Δν, extensive line broadening occurs, and 
sometimes the signals are beyond detection. Occasionally, it may be possible to 
escape this undesirable intermediate exchange situation by changing experimental 
conditions, aiming to either accelerate or slow the exchange.

A first example is the interaction of human soluble lectin ZG16p and phosphati-
dylinositol mannosides (PIMs) (Hanashima et al. 2015). PIM2 was titrated into a 
15N-labeled ZG16p solution, and signal perturbations in the 1H-15N HSQC spectra 
were recorded (Fig. 7.6a). The binding is a fast exchange process, since each set of 
specific signals featured a gradual chemical shift change. The binding interface of 
PIM2 can be inferred from a map of the hot spots on the 3D structure of ZG16p, and 
the dissociation constant for PIM2 was 3.0 mM from a fit of the titration curve.

The second example is the interaction of a C-type lectin receptor mDCIR2 and 
bisected N-glycan (Nagae et  al. 2013b). Bisected and non-bisected N-glycans 
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(glycans a and b) were analyzed. Concentration-dependent spectral shifts in the 1H-
NMR spectra were only observed in the presence of bisected glycan (Fig. 7.6b). The 
interaction involved slow exchange in terms of chemical shift, and the dissociation 
constant was estimated to be 3.0 × 10−5 M, a ligand concentration at which there is 
an equal amount of ligand-free and ligand-bound lectin. The specificity is well 
explained from the crystal structure of mDCIR2-bisected glycan complex, in which 
the bisected GlcNAc residue is directly interacting with the protein (Fig.  7.6b, 
right).

7.7.2  �Transferred Nuclear Overhauser Effects (trNOE)

The nuclear Overhauser effect (NOE) describes the phenomenon of magnetization 
transfer from one spin to another. This process proceeds through cross relaxation 
originating from dipolar interaction between two spins that are spatially close (less 
than 5 Å apart). Roughly, the NOE is related to the distance between the two protons 
and shows a 1/r6 dependence.

If the glycan ligand binds to lectin with slow exchange, both intermolecular 
lectin-glycan NOEs and intramolecular NOEs of the glycan are important in eluci-
dating the bound conformation of the ligand. However, in most lectin-glycan inter-
actions, the exchange is fast because the affinity is weak. In such cases, 
transferred-NOESY (tr-NOESY) is the suitable measurement for conformational 
analysis of bound glycan ligand. trNOE analysis is generally valid for ligands that 
bind in the μM-mM range (Fig. 7.6c).

TrNOE experiments were applied to the conformational analysis of bisected 
N-glycan bound to a lectin, Calsepa (Nagae et al. 2016c). The NOE build-up curve 
shows linearity up to 200 ms for the glycan-Calsepa mixture and to 500 ms for gly-
can alone (Fig. 7.6d). The mixing time was then chosen as 200 ms for the trNOE 
experiments. In the presence of Calsepa lectin, long-range inter-residual trNOEs 
were observed between core β-mannose (Man-3) and GlcNAc-5′ on the outer 
branch (Fig. 7.6e). The presence of this long-range trNOE indicates that the glycan 
assumes a compact back-fold conformation when bound to Calsepa lectin. In a sec-
ond example, the interaction between ZG16p and phosphatidylinositol mannoside 
glycans (PIM1 and PIM2) was investigated by trNOE (Hanashima et al. 2015). In 
the presence of ZG16p, several inter- and intra-residual NOE correlations were 
observed in PIM1 (Fig.  7.6f). There were none with the inactive ZG16p mutant 
D151N. From these correlations, the conformation of PIM1 in ZG16p-bound state 
was elucidated.

The structural information obtained from trNOE is usually limited by low proton 
density and by the inherently flexible nature of carbohydrate chains. Thus, obtained 
distances are typically further evaluated by molecular dynamics simulations and/or 
X-ray crystallographic analysis.
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Fig. 7.6  NMR titration studies and trNOE-based conformational analyses
(a) NMR titration study of the interaction between ZG16p and PIM2. (Left panel) 1H-15N HSQC 
spectra of uniformly 15N-labeled ZG16p in titration with PIM2 glycan (Black, 0 equiv.; red, 5 
equiv.; and green, 20 equiv. of PIM2). Blue arrows indicate directions of the chemical shift 
changes. The figure was adapted from a paper (Hanashima et  al. 2015) with permission. 



Fig. 7.6  (continued) (Right panel) Mapping surface residues in the PIM2 glycan interaction on 
the crystal structure of human ZG16p (PDB ID; 3APA). The signal from I149 (green) was broad-
ened upon PIM2 binding
(b) NMR titration study of the interaction between a C-type lectin receptor mDCIR2 CRD and 
glycans. The pyridylaminated bisected and non-bisected N-glycans (glycans a and b) used in this 
study are shown in middle panel. A part of 1H-NMR spectra of 20 μM mDCIR2 CRD in the 
absence of glycan (top), in the presence of 40 μM glycan a (second), and 40–120 μM glycan b 
(third to the last). The figure was adapted and modified from a previous paper (Nagae et al. 2013b) 
with permission. Crystal structure of mDCIR2 CRD in complex with bisected glycan correspond-
ing to glycan b is shown in right panel (PDB code: 3VYK)
(c) Basic principle of transferred NOE (trNOE). If the glycan ligand is bound to protein for a suf-
ficiently short time (in fast exchange), one can observed the bound NOEs (reflecting the interpro-
ton distances in the bound state) by using the free ligand signals
(d) NOE build up curves of Man-3 H1 and Man-3 O-methyl proton signals in the presence (left) 
and absence (right) of Calsepa lectin. Man-3 H1 signal was selectively inverted using a 180° rect-
angular pulse with 40-ms duration. This figure was adapted from a paper (Nagae et al. 2016c) with 
permission
(e) 1D selective NOESY spectra of bisected glycan in the presence (upper) and absence (lower) of 
Calsepa. Strong intra-residue trNOE was observed from Man-3 H1 to Man-3 H2, and long-range 
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7.7.3  �Other NMR Techniques

Residual dipolar coupling (RDC) measured in liquid crystalline alignment medium 
offer a viable alternative to traditional NOE-based approaches for structural analy-
sis. RDC provides a way to constrain the relative orientation of two molecules in 
complex with each other by aligning their independently determined order tensors 
(Jain 2009). Proton-proton and proton-carbon RDC of heparin tetrasaccharide has 
been measured (Jin et al. 2009), which, when combined with molecular dynamics 
simulations, clarified ring conformer and global shape of the glycan.

Paramagnetic probes attached to the reducing ends of oligosaccharides cause 
paramagnetic relaxation enhancement (PRE) and/or pseudocontact shift (PCS) 
which can resolve the peak overlap problem (Kato and Yamaguchi 2015). These 
spatial perturbations can be sources of long-range atomic distance information 
(~10 Å), which complements the local conformational information derived from 
J-couplings and NOEs (~5 Å).

7.8  �Molecular Dynamics Simulation Studies of Lectin-
Glycan Interactions

Theoretical approaches such as docking models and molecular dynamics (MD) 
simulation complement experimental information and have great possibilities for 
visualizing the highly mobile glycans. Docking simulations of lectin-glycan com-
plexes provide a theoretical foundation and reduce ambiguities in experimental 
results. We validated the accuracy of docking simulation by applying it to a crystal 
structure of POMK-ligand complex, in which the electron density of ligand was 
partially observed (Fig. 7.7a). The position of the trisaccharide ligand in the dock-
ing model coincides well with the fragmented electron density in the crystal struc-
ture, underscoring the usefulness of docking and MD simulations in determining 
bound structures (Nagae et al. 2017b).

MD simulation is also useful for validation of possible binding modes with the 
estimation of binding free energy. Orysata lectin, one of the mannose-binding 

Fig. 7.6 (continued) trNOEs were also observed from Man-3 H1 to GlcNAc-5′ (α1–6 branch) H1 
and to Man-4’ H2 signals (Right panel). Proton-proton distances were indicated between Man-3 
H1 and GlcNAc-5’ H1 and between Man-3 H1 and Man-4’ H2. Structures of back-fold conforma-
tions are derived from Calsepa complex (PDB code: 5AV7). Hydrogen atoms are generated with 
PyMOL.  This figure was adapted and modified from a paper (Nagae et  al. 2016c) with 
permission
(f) 2D 1H-1H NOESY spectrum of PIM1 glycan (4.6-fold excess) in the presence of wild-type 
ZG16p collected with a mixing time of 250 ms at 10 °C (upper panel). Key inter-residual correla-
tion was provided between Man-H1 and Ino-H2 and intra-residual correlations (Man-H1 and Man-
H2) as negative NOEs. The atomic distance of inter-residue Man-H1-Ino-H2 was determined as 
2.2 Å from the relative intensity of the signal. No correlation was observed when using the inactive 
ZG16p mutant (D151N) (lower panel). This figure is reproduced from the paper (Hanashima et al. 
2015) with permission
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Jacalin-related lectins, shows a preference for complex-type glycans with a α1-6 
branch extension rather than a α1-3 branch. It was not easy to understand the struc-
tural basis for the preference for the α1-6 branch from the “snap-shot” crystal struc-
ture of Orysata in complex with biantennary glycan. MD simulations yield the 
dynamic behavior of the glycan attached to Orysata lectin (Fig. 7.7b). Several dock-
ing models of Orysata in complex with a series of N-glycans were constructed, and 
the calculated binding free energies suggest that multiple binding modes exist in the 
solution, and the binding preference seems somehow to originate from an average 
of multiple binding modes that favors α1-6 branch binding (Fig. 7.7c). MD simula-
tions are especially useful for analyzing such multiple ligand-binding modes.

7.9  �Future Perspective: Application of Cryo-electron 
Microscopy Analysis to Investigate Lectin-Glycan 
Interaction

Recent improvement in cryo-electron microscopy (cryo-EM) is a great break-
through for structural biology (Cheng et  al. 2015). EM analysis has an inherent 
advantage for investigating the global conformations of macromolecules, rather 
than atomic details of local interfaces. The structural changes of glycans on glyco-
proteins affect the physiological functions of carrier glycoproteins. This has been 
clearly exemplified by EM analysis. For example, EM has shown that mutation or 
elimination of N-glycans affects the conformational equilibrium of α5β1 integrin 
(Li et al. 2017). Likewise, the inter-domain angle of LDL-receptor-related protein 6 
(LRP6) is regulated by the evolutionarily conserved N-glycan (Matoba et al. 2017).

In X-ray crystallography, the trimming of surface glycans on glycoproteins by 
glycosidase is usually necessary to produce diffraction quality crystals (Chang et al. 
2007). Mutations at N-glycosylation sites can also produce highly uniform proteins 
(Nagae et al. 2017b). However, such treatments prevent visualization of the atomic 
structure of glycans, although some native glycoproteins provide good glycan elec-
tron density due to extensive intramolecular interactions between glycan and carrier 
glycoproteins (Nagae and Yamaguchi 2012). In contrast, there is no need to elimi-
nate the surface glycans of glycoproteins in single particle analysis of cryo-
EM. Thus, cryo-EM has great potential to provide the atomic structure of native 
glycans. Actually, cryo-EM structures of glycoproteins, such as γ-secretase and 
human coronavirus, often include the coordinates of attached glycans (Bai et  al. 
2015; Walls et al. 2016) (Fig. 7.8a and b). Even tetra-antennary N-glycan structures 
are visible in the EM map of the HIV-1 envelope glycoprotein trimer (Env) (Lee 
et al. 2016) (Fig. 7.8c).

Due to limitation of molecular weight, it is normally difficult to directly visualize 
lectin-glycan interactions using single particle analysis by cryo-EM. However, pop-
ulation analysis of many particles is the great advantage of EM analysis. Although 
the flexibility of the glycan part remains a serious problem for visualization (averaging 
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Fig. 7.7  Molecular dynamics simulations of protein-glycan complexes
(a) Top five docking poses of the core M3 trisaccharide (GalNAcβ1–3GlcNAcβ1-4Man, shown in 
yellow) in POMK binding site (i-v) by AutoDock Vina. The mannose residue assigned in the crys-
tal structure (PDB code: 5GZ9) is overlaid in cyan. The table contains docking results for each 
model (i)-(v). Calculated binding affinity (in kcal/mol) together with root mean square deviation 
(r.m.s.d. in Å) from top scoring docking pose (i) is shown for all five models. This figure is adapted 
from the paper (Nagae et al. 2017b) with permission
(b) Three major conformations (Conformers 1, 2, and 3) of the α1–6 branch of glycan A bound to 
Orysata lectin in MD simulations. The simulation was performed using the crystal structure of 
Orysata in complex with glycan A (PDB code: 5XFH). This figure is adapted from the paper 
(Nagae et al. 2017a) with permission
(c) Bar graph and table of calculated average enthalpy (∆H), entropy (T∆S), and total binding free 
energy (∆G) for the biantennary glycans A–D. Experimental dissociation constant (KD = 1/KA) 
determined by FAC analysis is also indicated. N.D.: KD was not determined due to weak or no 
binding

7  Biophysical Analyses for Probing Glycan-Protein Interactions
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Fig. 7.8  Electron microscopic images of carbohydrates covalently attached onto proteins
(a) N-glycan core attached onto N55 of human nicastrin, a component of γ-secretase complex 
((Bai et al. 2015), PDB code: 5A63, EMDB: 3061). The density map is depicted at 5.0 σ level 
cutoff. Schematic representation of the observed glycan is shown in right panel
(b) High-mannose-type N-glycan attached onto N426 of human coronavirus NL63 (HCoV-NL63) 
((Walls et al. 2016), PDB code, 5SZS; EMDB, 8331). The density map is contoured at 7.0 σ level
(c) Tetra-antennary glycan attached onto N637 of HIV-1 Env trimer ((Lee et al. 2016), PDB code, 
5FUU; EMDB, 3308). The density map is depicted in cyan mesh contoured at 5.5 σ level

problem), we can expect that cryo-EM will become the method of choice for ana-
lyzing the structure of native glycan on glycoproteins. The quaternary structural 
analyses of elaborate complex systems have recently been reported, such as human 
MHC-I peptide-loading complex (PLC), which includes TAP1, TAP2, tapasin, 
MHC-I heavy chain, β2m, calreticulin, and ERp57  in the complex (Blees et  al. 
2017). It is likely that multicomponent glycoprotein complexes and lectin receptor-
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glycoprotein complexes will be analyzed by cryo-EM at atomic resolution, coupled 
with other biophysical methods in the very near future.
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Chapter 8
Structural Aspects of ER Glycoprotein 
Quality-Control System Mediated 
by Glucose Tagging

Tadashi Satoh and Koichi Kato

Abstract  N-linked oligosaccharides attached to proteins act as tags for glycopro-
tein quality control, ensuring their appropriate folding and trafficking in cells. 
Interactions with a variety of intracellular lectins determine glycoprotein fates. 
Monoglucosylated glycoforms are the hallmarks of incompletely folded glycopro-
teins in the protein quality-control system, in which glucosidase II and UDP-
glucose/glycoprotein glucosyltransferase are, respectively, responsible for glucose 
trimming and attachment. In this review, we summarize a recently emerging view of 
the structural basis of the functional mechanisms of these key enzymes as well as 
substrate N-linked oligosaccharides exhibiting flexible structures, as revealed by 
applying a series of biophysical techniques including small-angle X-ray scattering, 
X-ray crystallography, high-speed atomic force microscopy, electron microscopy, 
and computational simulation in conjunction with NMR spectroscopy.

Keywords  Endoplasmic reticulum · Glucose · Glucosidase · Glucosyltransferase · 
N-linked oligosaccharide · Protein quality control

8.1  �Introduction

Glucose is the most important carbohydrate as an energy source in cells and is stored 
as polymers including glycogen in animals and starch in plants. It is also a compo-
nent of the posttranslational modifier tetradecasaccharide (Glc3Man9GlcNAc2), 
which forms a common precursor of asparagine-linked oligosaccharides (N-glycans) 
when attached to newly synthesized proteins (Betenbaugh et al. 2004; Kornfeld and 
Kornfeld 1985). This tetradecasaccharide has a triantennary structure with three 
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nonreducing terminal branches (termed D1, D2, and D3); the D1 branch is capped 
with three glucose residues, Glc-α1,2-Glc-α1,3-Glc (Kelleher and Gilmore 2006; 
Vliegenthart et al. 1983; Fig. 8.1a). N-glycans displayed on proteins are involved in 
various biological processes, including transcriptional regulation, cell-cell communi-
cation, bacterial and viral infection, and protein quality control (Stanley et al. 2009). 
In the quality-control system, a series of N-glycan-processing intermediates serve as 
quality tags for the determination of glycoprotein fates (including folding, transport, 
or degradation) via interaction with a variety of intracellular lectins (Aebi et al. 2010; 
D’Alessio et al. 2010; Kamiya et al. 2012; Lederkremer 2009; Satoh et al. 2015; 
Takeda et al. 2009).

N-glycan processing in the endoplasmic reticulum (ER) is initiated by the elimi-
nation of the nonreducing terminal glucose residue on the D1 branch. This unseal-
ing process is accomplished by glucosidase I (GI), which catalyzes cleavage of the 
Glc-α1,2-Glc glycosidic linkage (Deprez et al. 2005; Grinna and Robbins 1980). GI 
contains an 80–110  kDa catalytic domain belonging to the glycoside hydrolase 
(GH) family 63. A crystallographic study demonstrated that the catalytic domain of 
yeast GI (Cwh41p) consists of a 57 kDa C-terminal (α/α)6 toroid subdomain con-
taining catalytic residues in addition to a 32 kDa N-terminal β-sandwich subdomain 
of unknown function (Barker and Rose 2013). Docking simulations, together with 
mutagenesis experiments, suggest that GI enzymatic activity is exerted via a char-
acteristic conformation of the glucotriose substrate, i.e., a bent-back conformation 
mediated by an intrachain interaction between the first and third glucose residues.

Subsequently, glucosidase II (GII) catalyzes two-step hydrolytic cleavage reac-
tions of the Glc-α1,3-Glc and Glc-α1,3-Man glycosidic linkages, giving rise to 
Glc1Man9GlcNAc2 and Man9GlcNAc2 glycoforms, respectively (Arendt and 
Ostergaard 2000; Pelletier et  al. 2000; Totani et al. 2008; Trombetta et al. 1996, 
2001). In the ER quality-control system, the folding states of newly synthesized 
proteins are judged based on the presence or absence of a single terminal glucose 
residue on the D1 branch of N-glycan intermediates (Fig. 8.1b; Aebi et al. 2010; 
D’Alessio et al. 2010; Kamiya et al. 2012; Lederkremer 2009; Satoh et al. 2015; 
Takeda et al. 2009). During the two-step deglucosylation process, the monogluco-
sylated glycoform is transiently expressed, serving as a “yet-to-be-folded” tag, 
which is recognized by the membrane-embedded soluble lectins calnexin (CNX) 
and calreticulin (CRT), respectively. CNX and CRT constitute chaperone complexes 
with protein disulfide isomerase family proteins as folding catalysts (ERp57 and 
ERp29 in mammals) (Jessop et al. 2009; Kozlov et al. 2017; Maattanen et al. 2006; 
Nakao et al. 2017; Oliver et al. 1997; Park et al. 2005; Sakono et al. 2014). The cor-
rect formation of major histocompatibility complex (MHC) class I depends on its 
interaction with CRT as a component of the huge protein complex known as the 
peptide-loading complex (PLC). The 5.8-Å resolution cryo-EM structure of human 
PLC was elucidated very recently, providing insights into the mechanism underly-
ing the workings of this protein machinery (Blees et al. 2017). The MHC-I molecule 
interacts with multiple subunits of the PLC, i.e., CRT and ERp57, which are essen-
tial for the presentation of exogenous antigens on the MHC-I molecule (Hulpke and 
Tampe 2013). Although cryo-EM data potentially provides insights into the 
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Fig. 8.1  (a) Schematic representation of Glc3Man9GlcNAc2 with the nomenclature of oligosac-
charide residues and branches in accordance with Vliegenthart et al. (1983). (b) Schematic cartoon 
of glycoprotein quality control coupled with N-glycan processing and subsequent interactions with 
a series of intracellular lectins in the ER. GI, glucosidase I; GII, glucosidase II; UGGT, UDP-
glucose/glycoprotein glucosyltransferase; CRT, calreticulin; OS-9, osteosarcoma amplified 9; 
ERGIC-53, ER-Golgi intermediate compartment 53 kDa protein
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interactions between MHC-I N-glycan and CRT, detailed interpretation is hampered 
by the limited resolution at present.

After complete deglucosylation of the N-glycan by GII, glycoproteins are 
released from the chaperone complexes for intracellular transport toward the Golgi 
apparatus, provided that they are correctly folded. In contrast, incompletely folded 
glycoproteins are recognized by the folding-sensor enzyme UDP-glucose/glycopro-
tein glucosyltransferase (UGGT), which provides a backup quality-control mecha-
nism by catalyzing re-glucosylation at the D1 branch terminus, regenerating the 
glycotope recognized by CNX and CRT (Caramelo et al. 2003; Ito et al. 2015; Izumi 
et al. 2012; Taylor et al. 2004; Totani et al. 2009). Despite the accumulation of func-
tional data regarding GII and UGGT over the two decades since they were first 
described, no structural information about these key enzymes was available until 
recently.

To elucidate the mechanisms underlying the glycoprotein quality-control sys-
tem, it is essential to provide detailed structural and dynamic views of the molecules 
constituting the system by applying a multilateral biophysical approach. Electron 
microscopy (EM) as well as X-ray crystallography provide 3D structural snapshots 
of the proteins and their complexes. In particular, the recently advanced cryo-EM 
can delineate subatomic- to atomic-resolution structures as class-averaged images 
with their populations through systematic collection of massive numbers of single 
molecule images in the frozen-hydrated state. On the other hand, small-angle X-ray 
scattering (SAXS) can provide low-resolution overall structure of dynamic biomac-
romolecules as an averaged structure in physiological solutions. While the above-
mentioned techniques offer only spatial information regarding conformational 
variability of the biomacromolecules, NMR spectroscopy and high-speed atomic 
force microscopy (HS-AFM) can provide temporal information on their dynamic 
behaviors in solutions. Therefore, integration of these methods gives us comple-
mentary information for deeper understanding the molecular processes involved in 
the quality control of glycoproteins.

In recent years, structural and dynamical characterization of glucose-processing 
enzymes, especially of UGGT, has been performed by utilizing multidisciplinary 
biophysical techniques including EM, SAXS, X-ray crystallography, and HS-AFM 
(Calles-Garcia et al. 2017; Caputo et al. 2016; Olson et al. 2013, 2015; Roversi et al. 
2017; Satoh et al. 2016a, b, 2017; Zhu et al. 2014). Furthermore, molecular dynam-
ics (MD) simulation combined with NMR spectroscopy has been used to describe 
the dynamic conformations of a series of high-mannose-type oligosaccharides 
including the monoglucosylated high-mannose-type oligosaccharide 
(Glc1Man9GlcNAc2), thereby addressing questions about the mechanisms of their 
interactions with quality-control lectins (Kato and Yamaguchi 2015; Yamaguchi and 
Kato 2014). This review outlines our current understanding of the molecular mecha-
nisms underlying quality control of glycoproteins mediated by glucosylation based 
on cutting-edge structural data, especially focusing on GII and UGGT, together 
with high-mannose-type glycans as their substrate and product.
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8.2  �Two-Step Glucose Trimming Catalyzed by Glucosidase 
II Heterodimeric Enzyme

GII consists of a catalytic α-subunit (GIIα) of approximately 110 kDa belonging to 
the GH family 31 and a 60 kDa multi-domain regulatory β-subunit (GIIβ; Arendt 
and Ostergaard 2000; Pelletier et al. 2000; Trombetta et al. 1996, 2001). Among the 
GH31 enzymes, only the GIIα operates with its binding partner GIIβ, which con-
tains an N-terminal GIIα-binding (G2B) domain, a putative coiled-coil segment, 
and a C-terminal mannose-6-phosphate receptor homology (MRH) domain fol-
lowed by an ER retention signal (Munro 2001; Quinn et al. 2009; Fig. 8.2a). The 
MRH domain acts as a lectin that recognizes high-mannose-type oligosaccharides, 
containing an α1,2-linked mannobiose structure on the D3 branch (Hu et al. 2009) 

Fig. 8.2  (a) Domain structures of α- and β-subunits of glucosidase II. “SS” and “CC” indicate 
putative signal sequence and coiled-coil segment, respectively. (b) Crystal structures of 
Chaetomium thermophilum and murine GIIα complexed with the G2B domain of GIIβ are repre-
sented on the left (PDB code: 5JQP) and right (PDB code: 5F0E), respectively. The G2B domain 
of GIIβ is colored marine blue, and the individual domains of GIIα are colored as follows: 
N-terminal domain, light-blue; subdomain B1–3, light-yellow; β8α8 barrel domain, light-pink; 
proximal C-terminal domain, light-green; and distal C-terminal domain, light-orange. These colors 
correspond to those in Fig. 8.2a. Active-site residues of GIIα and bound Ca2+ ions of GIIβ are 
shown as spheres. (c) Substrate-binding pocket of GIIα, represented by sliced surface models: 
(left) Glc-α1,3-Glc-bound form, (right) Glc-α1,3-Man-bound form. Bound sugar ligands and resi-
dues involved in ligand binding are shown as stick models
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(Fig. 8.1a), and promotes the enzymatic function of GIIα (D’Alessio and Dahms 
2015; Quinn et  al. 2009; Stigliano et  al. 2009, 2011; Watanabe et  al. 2009). 
Elimination of the α1,2-linked mannobiose from the D3 branch (i.e., ManD3) cata-
lyzed by ER degradation enhancing α-mannosidase-like proteins (EDEMs; yeast 
homolog Htm1p) is a key step leading to ER-associated degradation mediated by 
another MRH domain-containing lectin, OS-9 (yeast homolog Yos9p; Hosokawa 
et al. 2009; Mikami et al. 2010; Ninagawa et al. 2014; Quan et al. 2008; Satoh et al. 
2010). Thus, cooperation between the α- and β-subunits of GII is critical to the 
mechanism underlying the functional extension of this unique GH31 enzyme.

Recently delineated crystal structures of murine and thermophilic fungal GIIs 
have revealed that GIIα adopts a globular structure comprising four major domains 
(N-terminal domain, β8α8 barrel domain, proximal C-terminal domain, and distal 
C-terminal domain) and three subdomains (Caputo et al. 2016; Satoh et al. 2016a, 
b; Fig. 8.2b), which are similar to other GH31 α-glucosidases (Ernst et al. 2006; 
Lovering et al. 2005; Ren et al. 2011; Sim et al. 2008, 2010; Tagami et al. 2013). 
The crystal structures of GIIα were determined in the presence (Caputo et al. 2016; 
Satoh et al. 2016a; Fig. 8.2b) and absence (Satoh et al. 2016b) of the binding domain 
of GIIβ, i.e., the G2B domain.

Structural data obtained using iminosugar α-glucosidase inhibitors such as 
1-deoxynojirimycin showed that the active-site residues are located in the most 
highly conserved β8α8 barrel domain (Caputo et al. 2016; Satoh et al. 2016b). It has 
been proposed that the inhibition of α-glucosidases including GI and GII result in 
misfolded viral glycoproteins, which impairs the secretion and/or infectivity of sev-
eral viruses including HIV, dengue virus, and influenza virus, since biosynthesis of 
most enveloped viruses is dependent on the ER quality-control system of host cells 
(Sayce et al. 2010; Tyrrell et al. 2017). Therefore, structural information regarding 
inhibitor-bound GIIα will be important for designing and developing antiviral 
agents. In addition to inhibitor-bound complexes, crystal structures of fungal GIIα 
complexed with two different glucosyl ligands containing the scissile bonds of the 
first and second reactions steps catalyzed by this enzyme were determined using an 
inactive mutant, D556A; this provided a structural basis for the substrate-binding 
specificity of two-step deglucosylation (Fig. 8.2c; Satoh et al. 2016b). Importantly, 
these structural data suggest that the two-step glucose trimming reactions catalyzed 
in the active-site pocket do not proceed successively on account of the pocket’s 
gourd-shaped bilocular architecture (Fig.  8.2c). After the first glucose trimming 
reaction, the resultant glycoprotein substrates carrying monoglucosylated glycans 
must be dissociated from the GII enzyme for the first cleaved glucose product to be 
released from the deeply buried −1 subsite through the +1 subsite. Presumably, 
glycoproteins thus have a time window between the first and second step of deglu-
cosylation for chaperone-mediated folding to occur, mediated by the CNX/CRT-
containing folding complex that specifically recognizes the terminal monoglucose 
residue of the N-glycan tags. Previous in  vitro kinetics data have demonstrated 
that  the first cleavage (Glc2Man9GlcNAc2  →  Glc1Man9GlcNAc2) catalyzed by 
GII  progresses significantly more quickly than the second cleavage 
(Glc1Man9GlcNAc2 → Man9GlcNAc2) (Totani et al. 2006). Whereas the equatorial 
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2-OH group of Glc(G3) is not involved in interaction, the axial 2-OH group of 
Man(D1) forms a hydrogen bond with Asp633  in the Glc(G3)-Man(D1)-bound 
complex, which may contribute to the delay in the second cleavage reaction.

Crystal structures of GIIα in complex with the G2B domain of GIIβ (Caputo 
et al. 2016; Satoh et al. 2016a) have also been determined. The G2B domain con-
sists of two Ca2+-binding subdomains with five disulfide bridges, and this has an 
overall structure similar to that of the low-density lipoprotein receptor class A 
domain (Fisher et al. 2006). The G2B domain binds the distal C-terminal domain of 
GIIα mainly through electrostatic interactions involving contiguous double arginine 
residues in GIIα (Fig.  8.3a). A genetic link has been demonstrated between 
autosomal-dominant polycystic kidney and liver diseases (ADPKD and ADPLD), 
which are autosomal recessive disorders, and mutations in GANAB and PRKCSH, 
which encode GIIα and GIIβ, respectively (Drenth et al. 2003; Li et al. 2003; Porath 
et  al. 2016). The particular mutations in question affect Arg839  in human GIIα, 
which is the latter residue of the double arginine motif in the distal C-terminal 
domain. An R839W mutation in GIIα is likely to impair its association with GIIβ, 

Fig. 8.3  (a) Close-up view of the binding interface between the GIIα and G2B domains (C. ther-
mophilum [left] and murine [right]). Key residues involved in electrostatic interaction are high-
lighted. (b) Crystal structure of the Schizosaccharomyces pombe MRH domain complexed with 
α-D-mannose (PDB code: 4XQM). The mannose-binding site of the MRH domain is shown on the 
right. Bound mannose and residues involved in ligand binding are shown as sticks
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thereby negatively influencing enzymatic efficiency and subcellular localization of 
GIIα, since the β-subunit possesses the lectin domain and the ER retention signal.

NMR and X-ray crystallography studies have revealed the 3D structures of the 
isolated MRH domain of Schizosaccharomyces pombe GIIβ, providing a structural 
explanation for the sugar recognition demonstrated by high-mannose-type glycans 
(Olson et al. 2013, 2015; Fig. 8.3b). NMR data has identified the binding site of the 
mannosyl ligands Man9GlcNAc2 and α1,2-linked mannobiose in the canonical bind-
ing pocket of MRH domains in solution, and crystallographic data have revealed 
that the mannose-binding mode of the GIIβ MRH domain is very similar to those of 
other MRH domains, including OS-9, which specifically recognizes the Man α1,6-
linked D3 branch (Hosokawa et al. 2009; Mikami et al. 2010; Quan et al. 2008; 
Satoh et al. 2010). Crystal structure also identified tyrosine (Tyr372) and tryptophan 
(Trp409) as key residues for GII activity, as well as canonical QREY residues con-
served among MRH domains (Castonguay et al. 2011; Kim et al. 2009). Previous 
frontal affinity chromatography data have demonstrated that the MRH domain of 
GIIβ recognizes the α1,2-linked mannobiose moiety (ManD3-ManC) on the D3 
branch (Fig. 8.1a; Hu et al. 2009), while the α-subunit recognizes the D1 branch, 
resulting in the deglucosylation reaction. Therefore, the crystallographically 
observed mannose residue in the S. pombe GIIβ MRH domain presumably corre-
sponds to the ManD3 residue of high-mannose-type glycans.

Recent SAXS data (Caputo et al. 2016) together with previous ultracentrifuga-
tion and limited proteolysis results (Pelletier et al. 2000; Trombetta et al. 2001) have 
revealed that GIIα/β holoenzyme adopts a highly elongated structure, presumably 
through the middle non-globular segment that connects the G2B and MRH domains 
(Fig. 8.2a). These data suggest that the β-subunit has a flexible modular structure in 
which the MRH lectin domain is tethered to GIIα via its G2B domain with variable 
spatial arrangements, enabling this enzyme to act on multiple glycosylated proteins 
at various distances from the tethering point (Satoh et al. 2016a) as suggested by 
previous in vitro and in vivo studies (Deprez et al. 2005; Olson et al. 2015; Totani 
et al. 2008). To gain further insight into the working mechanism of GII, structural 
characterization of intact GII in the presence and absence of substrates using an 
integrated biophysical approach employing EM and HS-AFM techniques would be 
necessary.

8.3  �Surveillance of Newly Synthesized Glycoproteins 
by Folding-Sensor Enzyme UGGT

UGGT is a unique soluble glycosyltransferase with a relatively large molecular 
mass (around 160  kDa), which is thought to be divided into two regions: a 
125  kDa  N-terminal region and a C-terminal 35  kDa catalytic (CAT) domain 
belonging to the GT24 family, which is predicted to share structural similarities 
with the GT8 family (Arnold and Kaufman 2003; D’Alessio et al. 2010; Guerin and 
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Parodi 2003; Ito et  al. 2015). Since it has been shown that the larger, variable 
N-terminal region is essential for enzymatic activity, it is thought that this region 
functions as a folding sensor. Higher eukaryotes from green algae to humans share 
a selenocysteine-containing thioredoxin (Trx)-like oxidoreductase (Labunskyy 
et al. 2007), Sep15, which binds to UGGT to form a stable complex (Labunskyy 
et al. 2005), enhancing its glucosyltransferase activity (Takeda et al. 2014). Several 
studies have demonstrated that UGGT shows enzymatic activity only against 
incompletely folded glycoproteins (Caramelo et  al. 2003; Ito et  al. 2015; Izumi 
et al. 2012; Taylor et al. 2004; Totani et al. 2009). This suggests that this enzyme 
recognizes both glycan and unstructured polypeptide parts of glycoproteins.

Until recently, no structural information relating to UGGT had been available, 
possibly due to its instability. To solve this instability problem, various source 
organisms including Drosophila melanogaster (fruit fly; Calles-Garcia et al. 2017), 
Penicillium chrysogenum (mesophilic fungus; Calles-Garcia et  al. 2017), 
Chaetomium thermophilum (thermophilic fungus; Roversi et  al. 2017; Zhu et  al. 
2014), and Thermomyces dupontii (thermophilic fungus; Satoh et al. 2017) were 
utilized for structural investigation. Crystallization of UGGTs derived from thermo-
philic fungi was successfully reported. The first example of UGGT structural crys-
tallization was made on one of three tandem-repeat Trx-like domains, which was 
predicted to exist in the N-terminal folding-sensor region of C. thermophilum 
UGGT using bioinformatic techniques (Zhu et al. 2014). Thereafter, two groups, 
including ours, independently delineated the overall structure of the N-terminal 
folding-sensor region. Roversi et al. reported crystal structures of the full-length C. 
thermophilum UGGT with proteolytic cleavage at the linker connecting the 
N-terminal region and the CAT domain (Roversi et al. 2017), while we presented 
the crystal structures of the CAT domain and N-terminal region of T. dupontii 
UGGT separately (Satoh et al. 2017).

These crystallographic studies redefined the previously accepted domain struc-
ture of the N-terminal folding-sensor region by identifying an unexpected addi-
tional Trx-like domain (designated as Trx4) and two β-sandwich domains with 
topological structures, unique among Trx-like domain-containing proteins 
(Fig. 8.4a; Heras et al. 2007; Kozlov et al. 2010a). Where the Trx2, Trx3, and Trx4 
domains all showed a canonical Trx-like fold characterized by a three- or four-
stranded β-sheet surrounded by six α-helices, the Trx1 domain exhibited a nonca-
nonical Trx-like fold, in which the four-helix subdomain was not within the Trx 
domain, but instead preceded the N-terminal helix. Although the Trx4 domain 
adopts a canonical Trx-like fold, it shows unusual topology, which is a result of two 
nonconsecutive segments. Like the Trx4 domain, strikingly unique domain archi-
tecture was also found in the first β-sandwich domain, in which the seven-stranded 
β-strands consist of three nonconsecutive segments. In contrast to the crystal struc-
tures of C. thermophilum UGGT, the C-terminal β-sandwich domain comprising 
seven-stranded β-strands was almost completely disordered in T. dupontii UGGT, 
suggesting that this domain is flexible in nature, although the tertiary structures of 
the individual domains of the folding-sensor region originating from two fungal 
species were essentially identical. The overall structure of the folding-sensor region 
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of UGGT exhibits a C-shaped structure containing a large central cavity with hydro-
phobic patches, suggesting that they may be involved in folding-sensor function 
(Satoh et  al. 2017). In the C. thermophilum UGGT, a significant difference was 
observed in the spatial positioning of the Trx2 domain among the three elucidated 
crystal structures (Roversi et  al. 2017). In the crystal, the Trx2 domain exhibits 
“open” (PDB code: 5MZO), “intermediate” (5MU1), and “closed” (5N2J) confor-
mations. The crystal structure of the folding-sensor region of T. dupontii UGGT 
(Satoh et al. 2017) was most similar to the open form of the folding-sensor region 
of C. thermophilum UGGT. Intriguingly, double cysteine point mutants that rigidify 
the UGGT structure upon introduction of extra interdomain disulfide bridges 
between the Trx2 domain and the N-terminal or the C-terminal β-sandwich domains 
were shown to impair enzymatic activity, which illustrates the importance of inter-
domain flexibility in the folding-sensor region (Roversi et al. 2017). Interestingly, in 
the crystal structures of the C. thermophilum UGGT, the CAT domain was shown to 
be tightly associated with the folding-sensor region through the two β-sandwich 
domains (Roversi et al. 2017). This point will be discussed later.

The crystal structure of the CAT domain of T. dupontii UGGT was determined in 
its isolated form and in complex with UDP-glucose or UDP in the presence of Ca2+ 
(Satoh et al. 2017), while it was determined in its apo- and Ca2+-bound forms using 
a full-length construct of C. thermophilum UGGT (Fig. 8.5a; Roversi et al. 2017). 
As with the folding-sensor region, the overall structure of the CAT domains of two 
fungal species was essentially identical. As expected from previous bioinformatics 

Fig. 8.4  (a) Domain structure of UGGT. “Trx” and “CAT” represent thioredoxin-like and cata-
lytic domains, respectively. (b) Crystal structures of the folding-sensor region of UGGT from T. 
dupontii (PDB code: 5Y7O) and full-length UGGT from C. thermophilum (PDB code: 5MZO) are 
shown on the left and right, respectively. The individual domains of UGGT are colored as follows: 
Trx1 domain, light blue; Trx2 domain, pale cyan; Trx3 domain, light yellow; Trx4 domain, light 
orange; N- and C-terminal β-sandwich domains, light green; and catalytic domain, light pink. 
These colors correspond to those in Fig. 8.4a
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analysis, crystal structures of the CAT domain displayed a typical GT-A fold com-
prising 9–10 β-strands and 12 α-helices, which share structural similarities with the 
GT8 family enzyme galactosyltransferase LgtC (Fig. 8.5; Persson et al. 2001). The 
UDP-glucose and Ca2+ ligands were accommodated in an active site containing a 
DXD motif, in a similar fashion to that of retaining GT8 glycosyltransferase 
(Fig. 8.5; Persson et al. 2001), implying that the enzymatic mechanisms of UGGT 
may be evolutionarily conserved. In its UDP/Ca2+-bound form, the glucose-binding 
site was occupied by a Tris molecule, and two loops containing the active-site resi-
dues exhibited significant structural changes upon UDP binding, suggesting its 
release mechanism of the monoglucosylated product. In all crystal structures (UDP-
Glc/Ca2+-, UDP/Ca2+-, Ca2+-bound, and apo forms), surface-exposed hydrophobic 
patches were observed around the active site, suggesting that the CAT domain may 
be involved in sensing substrate folding. This hypothesis is supported by the obser-
vation that a Man9GlcNAc2 probe tagged with a hydrophobic moiety selectively 
binds amino acid residues in the proximity of the hydrophobic patches (Ohara et al. 
2015).

Fig. 8.5  (a) Crystal structures of the CAT domain of T. dupontii (PDB code: 5H18) and C. ther-
mophilum UGGT (PDB code: 5MZO), shown as ribbon models. Bound UDP-Glc and Ca2+ are 
shown as stick and sphere models, respectively. (b) The catalytic active site of UGGT in the UDP-
Glc- or UDP-bound form is shown on the left and right, respectively. Residues involved in binding 
to Ca2+ and UDP-Glc or UDP are numbered and shown in the stick model. The UDP-Glc and UDP 
molecules are colored slate and green, respectively
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In addition to crystallographic data, UGGT enzymes from various species includ-
ing D. melanogaster, P. chrysogenum (Calles-Garcia et al. 2017), C. thermophilum 
(Roversi et al. 2017), and T. dupontii (Satoh et al. 2017) were structurally character-
ized by SAXS, negative staining, and cryo-EM techniques. The SAXS and EM data 
illustrated the monomeric structure of UGGT in solution. The SAXS data regarding 
D. melanogaster, P. chrysogenum, and T. dupontii UGGTs showed similar anisotro-
pic elongated C-shaped structures (Calles-Garcia et al. 2017; Satoh et al. 2017). In 
the case of the T. dupontii UGGT (Satoh et al. 2017), the crystal structure of the 
folding-sensor region fitted neatly into the SAXS shape model, while that of the 
CAT domain did not show a volume density corresponding to the residual space, 
suggesting that the CAT domain is relatively mobile in solution (Fig. 8.6a). In addi-
tion to the CAT domain, a notable bulge was observed around the Trx2 domain, 
suggesting that it is flexible. The observed conformational heterogeneities of 
UGGTs were more significant in the EM analysis data, especially in the cryo-EM 
images (Fig. 8.6b). In the averaged negative-stained EM images, D. melanogaster, 
P. chrysogenum, and T. dupontii UGGTs exhibited elongated C-shaped structures 
with a central cavity (Fig. 8.6c), which is consistent with the SAXS-derived struc-
ture models (Calles-Garcia et al. 2017; Satoh et al. 2017). Also consistent with the 
SAXS results, the crystal structure of the folding-sensor region (excepting the Trx2 
domain) fitted neatly onto the EM map, whereas that of the CAT domain did not 
perfectly match the EM map.

The dynamic nature of the T. dupontii UGGT was directly observed using 
HS-AFM techniques (Satoh et  al. 2017). By visualizing UGGT using HS-AFM 
images, it could be seen that the enzyme has one larger lobe and one smaller one, 
which correspond to the folding-sensor region and the CAT domain, respectively. 
These two lobes are connected via a flexible linker. The estimated distance between 
the centers of the two lobes, based on the most frequently observed distances, was 
75 Å, which closely matches previous biochemical data that suggest that UGGT can 
transfer glucose to N-glycans at least 40 Å from the unstructured regions of glyco-
protein substrates (Taylor et al. 2004). These observations indicate that the T. dupon-
tii UGGT exhibits a flexible modular structure in which the CAT domain is tethered 
to the folding-sensor region with variable spatial arrangements.

In marked contrast, the SAXS data of the C. thermophilum UGGT indicated a 
compact structure, into which the full-length crystal structure including the CAT 
domain could be fitted, while its cryo-EM data gave no interpretable electron den-
sity data regarding the Trx2 domain. This suggests interdomain conformational 
flexibility through the Trx2 domain but not through the CAT domain (Roversi et al. 
2017). Besides species differences, discrepancies in the mobility of the CAT domain 
(Calles-Garcia et al. 2017; Roversi et al. 2017; Satoh et al. 2017) may be attributed 
to the presence of an unstructured linker of approximately 40 residues, which is 
commonly thought to be an intrinsically disordered region in UGGT across species 
(from fungi to humans). Structural analyses of D. melanogaster, P. chrysogenum, 
and T. dupontii UGGTs were performed using intact enzymes, whereas a partially 
degraded enzyme with proteolytic cleavage at the linker was used for the structural 
characterization of the C. thermophilum UGGT. It is possible that the flexible linker 
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interferes with the interaction between the folding-sensor region and the CAT 
domain and that this increases the mobility of the CAT domain. To understand the 
functional importance of structural flexibility between the folding-sensor region and 
the catalytic domain, further biochemical and biophysical investigation will be 
necessary.

Fig. 8.6  (a) SAXS-derived model of full-length T. dupontii UGGT. The crystal structure of the 
folding-sensor region of UGGT from T. dupontii (PDB code: 5Y7O) is fitted into the SAXS-
derived model. (b) 3D classification of the cryo-EM structures of T. dupontii UGGT. Each struc-
ture showed significant variation in cryo-EM maps but commonly shared a large central cavity. (c) 
Negative-stain EM 3D reconstruction of T. dupontii (left) and Penicillium chrysogenum (right; 
EMD code: 8718) UGGTs. The EM data of T. dupontii UGGT was obtained as a complex with the 
Fab of a monoclonal antibody directed against the Trx4 domain. The crystal structure of the 
folding-sensor region of T. dupontii UGGT is fitted into the EM maps
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8.4  �Interaction Mechanism Between Monoglucosylated 
High-Mannose-Type Oligosaccharide and Calreticulin

The key processes in ER glycoprotein quality control involve carbohydrate-protein 
interactions. Compared with protein molecules (lectins), oligosaccharides have 
considerable conformational flexibilities in their uncomplexed states. Therefore, 
carbohydrate-protein interaction is generally associated with the loss of conforma-
tional entropy, which is compensated for by the larger enthalpy gain in the interac-
tion system (Burkhalter et al. 2000).

Structural characterization of high-mannose-type oligosaccharides in solution 
has been performed using theoretical and experimental approaches, i.e., molecular 
mechanics and dynamics and NMR spectroscopy (Balaji et al. 1994; Kamiya et al. 
2013; Petrescu et al. 1997; Wooten et al. 1990; Wormald et al. 2002; Yamaguchi 
et al. 2013). Recently developed methods to characterize the conformational spaces 
of oligosaccharides combine replica-exchange MD simulations and paramagnetism-
assisted NMR techniques (Kato and Yamaguchi 2015; Yamaguchi and Kato 2014; 
Zhang et  al. 2013; Zhang et  al. 2015). To overexpress homogeneous 13C-labeled 
high-mannose-type oligosaccharides, as is required for NMR analyses, we employed 
genetically engineered yeast lacking the genes underlying the synthesis of hyper-
branched high-mannose-type glycans (Kamiya et al. 2011, 2013, 2014; Yamaguchi 
et al. 2013). Furthermore, a chemoenzymatic technique employing this genetically 
engineered yeast, chemical synthesis (UDP-[13C6]glucose), and in vitro glucosyl-
ation catalyzed by UGGT to prepare 13C-labeled Glc1Man9GlcNAc2 has been estab-
lished (Suzuki et al. 2017; Zhu et al. 2015).

These techniques enable us to explore the possible conformations of larger, 
branched high-mannose-type oligosaccharides, including Man8GlcNAc2 (M8B), 
Man9GlcNAc2 (M9), and Glc1Man9GlcNAc2 (GM9). The resulting MD trajectories, 
validated by paramagnetism-assisted NMR data, demonstrate that conformational 
dynamics are quantitatively very similar between M9 and GM9. This indicates that 
the attachment of a monoglucose residue on the D1 branch has virtually no confor-
mational impact on the triantennary M9 structure (Fig. 8.7a; Suzuki et al. 2017). 
This is in marked contrast to M8B, which lacks the terminal mannose on the D2 
branch, because this decasaccharide is significantly populated with fold-back con-
formations (Yamaguchi et al. 2014). NMR-validated MD simulation of GM9 indi-
cates that the spatial positions of nonreducing terminal glucose residues are widely 
distributed relative to the reducing end in the conformational ensemble (Suzuki 
et al. 2017), providing versatile opportunities for interactions between carrier glyco-
proteins and lectin-chaperone complexes, which are thought to recognize not only 
the terminal glucose residue but also the unstructured polypeptide moiety of the 
glycoproteins (Oliver et al. 1997). Previous crystallographic data have provided a 
conformational snapshot of the complex formed between Glc1Man3 tetrasaccha-
rides (corresponding to the D1 branch) and the lectin domain of CRT (Fig. 8.7b) in 
addition to that of the Glc-Man-bound GII complex (Fig. 8.2c; Kozlov et al. 2010b; 
Satoh et al. 2016b).
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Intriguingly, the Glc-Man glycosidic linkage conformation observed in a com-
plex was also found within the dynamic conformational ensemble of the D1 branch 
of the GM9 oligosaccharide, indicating that substrate recognition by GII involves a 
conformational selection mechanism (Fig.  8.7c). In contrast, the ManD1-ManC 
glycosidic conformation in its CRT-bound state was apparently isolated from the 
conformational cluster derived from the uncomplexed state, indicating that oligo-
saccharide recognition by CRT involves an induced-fit mechanism with an entropic 
penalty (Fig. 8.7c; Suzuki et al. 2017). It has been speculated that this negatively 
regulated glycan interaction is important in the quality-control system for selective 
dual recognition of unfolded glycoproteins carrying GM9 in addition to unstruc-
tured polypeptide chains.

Fig. 8.7  (a) Superimposition of each of the 240 conformers of the GM9 and M9 oligosaccharides 
extracted from the replica-exchange MD simulations validated using NMR data. (b). Close-up 
view of the oligosaccharide-binding site of the lectin domain of mouse CRT (PDB code: 3O0W). 
(c) Density maps of glycosidic linkage torsion angles of the Glc1Man3 moiety of the GM9 oligo-
saccharide obtained from NMR-validated replica-exchange MD simulations. The red dots indicate 
the glycosidic linkage conformations of the Glc1Man3 tetrasaccharide in complex with CRT (PDB 
code: 3O0W). The Glc-ManD1 glycosidic linkage conformation in complex with GII (PDB code: 
5DKZ) was almost identical with that observed in complex with CRT. Figure 8.7c was adapted 
from Suzuki et al. (2017) with the permission of John Wiley & Sons, Inc.
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8.5  �Summary and Perspectives

The glucosylation-mediated ER quality control of glycoproteins is executed via a 
series of oligosaccharide-recognizing proteins, including glucosidases, glucosyl-
transferase, and lectins. Their sophisticated biological functions are coupled with 
internal mobility of the processing enzymes and chaperones composed of multiple 
domains and/or subunits, along with binding partners. Conformational variabilities 
in N-glycans are also key factors in glycoprotein quality control. Molecular events 
associated with conformational interconversion have often been characterized based 
on crystallographic snapshots; however, these should be interpreted with great care, 
because they can be affected by crystal packing and they provide no temporal infor-
mation regarding biomacromolecular dynamics. Therefore, for detailed structural 
characterization, complementary biophysical tools are required. An integrative 
approach combining SAXS, electron microscopy, X-ray crystallography, and high-
speed atomic force microscopy has prompted advancements in our understanding of 
molecular mechanisms involved in glycoprotein quality control, as exemplified by 
the glucose-processing enzymes with flexible modular structures, GII and 
UGGT. The next stage of investigation will address the question of how these mol-
ecules interact in such a highly orchestrated manner in the heterogeneous, crowded 
environment of the ER.
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Chapter 9
Structural Basis of Protein  
Asn-Glycosylation by 
Oligosaccharyltransferases

Daisuke Kohda

Abstract  Glycosylation of asparagine residues is a ubiquitous protein modifica-
tion. This N-glycosylation is essential in Eukaryotes, but principally nonessential in 
Prokaryotes (Archaea and Eubacteria), although it facilitates their survival and 
pathogenicity. In many reviews, Archaea have received far less attention than 
Eubacteria, but this review will cover the N-glycosylation in the three domains of 
life. The oligosaccharide chain is preassembled on a lipid-phospho carrier to form a 
donor substrate, lipid-linked oligosaccharide (LLO). The en bloc transfer of an oli-
gosaccharide from LLO to selected Asn residues in the Asn-X-Ser/Thr (X≠Pro) 
sequons in a polypeptide chain is catalyzed by a membrane-bound enzyme, oligo-
saccharyltransferase (OST). Over the last 10 years, the three-dimensional structures 
of the catalytic subunits of the Stt3/AglB/PglB proteins, with an acceptor peptide 
and a donor LLO, have been determined by X-ray crystallography, and recently the 
complex structures with other subunits have been determined by cryo-electron 
microscopy. Structural comparisons within the same species and across the different 
domains of life yielded a unified view of the structures and functions of OSTs. A 
catalytic structure in the TM region accounts for the amide bond twisting, which 
increases the reactivity of the side-chain nitrogen atom of the acceptor Asn residue 
in the sequon. The Ser/Thr-binding pocket in the C-terminal domain explains the 
requirement for hydroxy amino acid residues in the sequon. As expected, the two 
functional structures are formed by the involvement of short amino acid motifs con-
served across the three domains of life.

Keywords  Amide-bond twisting · Co-translational modification · Free oligosac-
charide · Lipid-linked oligosaccharide · Membrane protein · N-glycosylation · 
Oligosaccharyltransferase · Sequon
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Abbreviations

AFM	 Atomic force microscopy
Ara4N	 4-amino-4-deoxy-L-arabinose
AglB	 Archaeal glycosylation B
CmanT	 C-Mannosyltransferase
CDG	 Congenital disorders of glycosylation
EL	 External loop
EM	 Electron microscopy
ER	 Endoplasmic reticulum
fOS	 Free oligosaccharide
FNG	 Free N-glycan
HGT	 Horizontal gene transfer
LLO	 Lipid-linked oligosaccharide
NGT	 Cytosolic N-glycosyltransferase
OST	 Oligosaccharyltransferase
OTase	 Oligosaccharyltransferase
PglB	 Protein glycosylation B
RTC	 Ribosome translocon complex
STT3	 Staurosporine and temperature sensitivity 3
TM	 Transmembrane
Und-P	 Undecaprenyl phosphate

9.1  �Introduction

Glycosylation of asparagine residues is one of the most ubiquitous protein modifi-
cations (Aebi 2013; Breitling and Aebi 2013). Strictly speaking, “N-glycosylation” 
refers to the sugar attachment on a nitrogen atom, but in this chapter the term 
N-glycosylation is used in the sense of the glycosylation on Asn residues, according 
to the standard practice. Fortunately, this is not a problem because the one-letter 
code of Asn is N. The N-glycosylation is a highly coordinated and complex process 
that involves many glycotransferases and glycosidases (Fig. 9.1). The entire process 
can be divided into three steps: (1) biosynthesis of lipid-linked oligosaccharides 
(LLO), (2) oligosaccharyl transfer from LLO to Asn residues in proteins, and (3) 
processing of oligosaccharide structures on proteins.

Within the complex N-glycosylation process, the covalent bond formation 
between an oligosaccharide chain and a protein is the defining event. The enzyme 
that catalyzes this reaction is a membrane-bound enzyme, oligosaccharyltransferase 
(OST or OTase) (Kelleher and Gilmore 2006; Knauer and Lehle 1999b; Mohorko 
et al. 2011). LLO serves as the sugar donor for OST (Hartley and Imperiali 2012). 
In the biosynthesis of LLO, monosaccharides are added one at a time by a specific 
glycotransferase from a nucleotide-monosaccharide or a dolichol-monophosphate-
monosaccharide to the growing oligosaccharide chain on a lipid-phospho carrier. In 
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contrast, the oligosaccharide in LLO is transferred en bloc to Asn residues in a 
polypeptide chain, by the action of OST. The acceptor Asn, in principle, resides in 
the consensus sequence, Asn-X-Thr or Asn-X-Ser, where X can be any amino acid 
residue except Pro. The N-glycosylation consensus, Asn-X-Ser/Thr, is referred to as 
the “sequon,” and the N-oligosaccharide chain attached to a protein is referred to as 
the “N-glycan.”

The attachment of oligosaccharides to Asn residues is essential for the structures 
and functions of secretory and membrane glycoproteins (Varki et al. 2017). At the 
molecular level, the N-glycans affect various physicochemical properties of glyco-
proteins, including solubility, folding, oligomerization, and aggregation. In terms of 
the biological consequences, the N-glycans play key roles in protein quality control 
and degradation, as well as sorting and transport of proteins inside cells (Fig. 9.1). 
The N-glycans are also indispensable in cell-cell and host-pathogen interactions on 
cell surfaces and the clearance of glycoproteins from the bloodstream. In these pro-
cesses, the N-glycans function as tags that are recognized by other proteins.

Fig. 9.1  A schematic overview of the glycosylation reaction on asparagine residues in proteins. 
The structure of the LLO is a higher eukaryotic (i.e., animals, plants, insects, and fungi) version, 
which consists of 14 monosaccharide residues, 2 phosphate groups, and a dolichol chain. On the 
cytoplasmic face of ER, dolichol phosphate receives GlcNAc-phosphate to generate Dol-PP-
GlcNAc. After 1 GlcNAc residue and 5 mannose residues are sequentially added from UDP-
GlcNAc and GDP-Man, respectively, the LLO is inverted to the luminal side of ER by 
as-yet-unidentified “flippase.” Then, additional 4 mannose residues are added from Dol-P-Man 
and 3 glucose residues from Dol-P-Glc, to complete the 14-residue N-glycan structure. OST cata-
lyzes the transfer of the oligosaccharide chain from LLO to asparagine residues in proteins. OST 
also hydrolyzes LLO to release the N-oligosaccharide into the luminal space of the ER.  The 
released N-oligosaccharide might function as a chaperone of protein folding. ER Glucosidases 
remove the three terminal glucose residues. The mono-glucose cycle, in which removal and re-
addition of the first glucose residue take place, assists the folding of glycoproteins and determines 
their fate, either translocation to the Golgi apparatus for secretion or into the cytoplasm for degra-
dation by proteasome. ER mannosidase removes some mannose residues during the selection pro-
cess. In the Golgi, further removal of mannose residues and addition of fucose, GlcNAc, galactose, 
and sialic acid residues generate a complex N-glycan structure
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N-glycosylation is essential in eukaryotic organisms. In human beings, genetic 
defects in N-glycosylation (also O-glycosylation and lipid glycosylation) result in 
rare genetic metabolic diseases, collectively referred to as congenital disorders of 
glycosylation (CDG) (Hennet and Cabalzar 2015; Jaeken and Peanne 2017). CDG 
patients show extremely broad spectrum of clinical symptoms. More than 100 types 
of CDG have been identified according to the large number of responsible genes. In 
contrast, N-glycosylation is principally nonessential in prokaryotic organisms. A 
possible exception is a group of Archaea, referred to as Crenarchaeota. Defects of 
N-glycosylation in the crenachaeon Sulfolobus acidocaldarius are reportedly lethal 
(Meyer and Albers 2014). Even in other prokaryotes in which N-glycosylation is 
not essential, N-glycosylation improved their survival. For the pathogenic 
Campylobacter, N-glycosylation is necessary for efficient attachment to and inva-
sion of the host human cells (Szymanski and Wren 2005).

9.2  �Free N-oligosaccharide Generation by OST

In addition to the vital roles of N-glycans on glycoproteins, the free forms of the 
N-oligosaccharides (fOS or FNG) in the endoplasmic reticulum (ER) in eukaryotic 
cells and in the periplasmic space of prokaryotic cells have recently attracted atten-
tion (Chantret and Moore 2008; Dwivedi et al. 2013). OST has a special hydrolytic 
activity of LLO to release the free oligosaccharides into the lumen of the ER or the 
extracellular and periplasmic spaces and is considered to be the main producer of 
the free forms of N-oligosaccharides (Harada et al. 2013) (Fig. 9.1). Presumably, 
this hydrolytic activity is not a simple byproduct of the oligosaccharyl transfer reac-
tion, but rather a second enzymatic activity acquired in evolution driven by neces-
sity, considering the large amounts of free N-oligosaccharides accumulated in cells 
(Dwivedi et al. 2013).

What is the biological function of the free oligosaccharides? Free 
N-oligosaccharides act on several proteins as chaperones in  vitro (Kimura et  al. 
1998). High-mannose-type N-oligosaccharides, generated by OST, were more 
effective than complex-type N-oligosaccharides (Jitsuhara et al. 2002). The molecu-
lar basis is considered to be the hydrophobic surface provided by the oligomannose 
portion, which strengthens the oligosaccharide-protein interactions. The free 
N-oligosaccharides could assist with the protein folding of secretory (glyco)pro-
teins in the ER and extracellular and cytoplasmic spaces. Further experiments are 
required to clarify the biological functions of the free N-oligosaccharides inside 
cells. The TREX1 protein reportedly interacted with the human OST complex and 
suppressed the free oligosaccharide generation (Hasan et al. 2015). TREX1 is an 
ER-membrane bound DNase. Analyses of the DNase-independent function of 
TREX1 in immune cells revealed that the C-terminal truncation or phosphorylation 
in the linker segment between the DNase domain and the TM region of TREX1 
disrupted the interaction with the human OST complex, thus enhancing the free 
oligosaccharide production (Kucej et al. 2017). Given the fact that TREX1 mutations 
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are associated with autoimmune and autoinflammatory diseases, studies of the 
TREX1 protein are potentially interesting, but further studies are necessary to prove 
the convincing association with OST.

9.3  �Biological Significance of the OST Enzyme

The OST enzyme has special biological significance. First, OST is a unique type of 
glycotransferase. Most glycotransferases transfer a monosaccharide to acceptor 
molecules, but OST transfers an oligosaccharide chain en bloc. Secondly, OST can 
activate the nitrogen atom in the side chain of an Asn residue, to form a covalent 
bond with an anomeric carbon of a monosaccharide residue. The nitrogen atom in a 
planar carboxyamide group is only weakly reactive, due to the delocalization of an 
electron on the nitrogen atom to the carbonyl oxygen atom (Liu and Szostak 2017). 
Thus, the molecular basis of the amide nitrogen activation is very interesting, from 
the viewpoints of chemistry and applications. Thirdly, the oligosaccharyl transfer 
reaction is occasionally coupled with the transmembrane passage of a nascent poly-
peptide chain synthesized by a ribosome. Accordingly, in a strict sense, the protein 
modification catalyzed by OST is a co-translational reaction, although the 
N-glycosylation is generally treated as a representative of posttranslational protein 
modifications. In addition to OST, very few enzymes, including signal peptidases 
(Nyathi et  al. 2013) and acetyltransferases (Gautschi et  al. 2003), work in a co-
translational mode. The signal peptidase cleaves the N-terminal signal peptide, and 
the acetyltransferase transfers an acetyl group from acetyl coenzyme A to the 
α-amino group of the N-terminal residue. The recognition modes and catalytic 
mechanisms of these co-translational enzymes must be quite special, as they per-
form efficient searches of the target sites in nascent polypeptide chains and compete 
with the folding process.

9.4  �Evolutional View of N-glycosylation

Figure 9.2 shows a phylogenetic tree of life, from the viewpoint of the 
N-oligosaccharyl transfer reaction. N-glycosylation is widespread not only in 
Eukarya, but also in virtually all Archaea (Abu-Qarn et al. 2008). N-glycosylation 
also occurs in some species belonging to the δ- and ε-proteobacterial groups in 
Eubacteria (Mills et al. 2016). The genus Campylobacter is a clinically important 
example, since it causes food poisoning. The eubacterial N-glycosylation system 
presumably originated from horizontal gene transfer (HGT). The HGT probably 
occurred independently and multiple times from Archaea (or common ancestors of 
Eukarya and Archaea). This speculation is based on the fact that some deep-sea-
dwelling organisms, which are distantly separated from the genus Campylobacter, 
also have the N-glycosylation system (Mills et al. 2016).
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176

Archaea are frequently used as model organisms in structural biology, because 
many archaeal proteins have simpler subunit compositions than their eukaryotic 
counterparts, as in the case of the archaeal OST (Table 9.1). Moreover, proteins 
from thermophilic archaea are naturally stable and suitable for structural and bio-
physical studies. In fact, some hyperthermophilic archaeal cells grow at tempera-
tures around 100 °C.  Archaeal strains are now easily obtainable from various 
bio-resource banks. Most Archaea grow anaerobically, but the culturing of selected 
archaeal species is very easy in conventional laboratories. However, among the 
many reviews and research papers on N-glycosylation, Archaea have received far 
less attention than Eubacteria. This review comprehensively addresses 
N-glycosylation in the three domains of life.

Fig. 9.2  Evolutionary distribution of N-glycosylation. N-glycosylation occurs in all Eukarya and 
Archaea and subsets of δ- and ε-Proteobacteria in Eubacteria. The chemical structure of the lipid-
phospho carrier of N-oligosaccharides is different in each sub-domain of life. Und, undecaprenol; 
Dol, dolichol; P, monophosphate; PP, diphosphate. The C3 carbon (denoted by the asterisk) of the 
α-isoprene unit in dolichol has an S configuration
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9.5  �Catalytic Subunit of the OST Enzyme

The catalytic subunit of the OST enzyme is a polypeptide chain, referred to as 
Stt3 in Eukarya, AglB in Archaea, and PglB in Eubacteria (Table 9.1). Even though 
they have different names, they share a common evolutionary origin. Each genome 
usually encodes multiple paralogous genes of the catalytic subunit. One important 
exception is yeast (Saccharomyces cerevisiae), in which the genome encodes a sin-
gle Stt3 gene. The other subunits in the multi-subunit OST complex of higher 
Eukaryotes, including yeast, can modulate the catalytic function of the Stt3 subunit 
or add new functions (Table 9.2) (Kelleher and Gilmore 2006). In the case of the 
single-subunit OSTs (lower eukaryotic Protozoa, Archaea, and Eubacteria), the 

Table 9.1  Biochemical properties of N-glycosylation in the three domains of life

Domain of 
life Sub-domain

OST/
catalytic 
subunits Donora Acceptorb

Eukarya Higher Eukaryote (animal, 
plant, insect, fungus)

Multi-
subunit

Dolichol-PP-OS N-!P-[ST]

STT3 C70–
C110,

Di-phos 14 res

σ = 1
Lower Eukaryote (Protozoa) Single 

subunit
Dolichol-PP-OS

STT3 C55–
65

Di-phos 11 res

σ = 1
Archaea Crenarchaeota Single 

subunit
Dolichol-PP-OS

AglB C30–
C50

Di-phos 6–10 
res

σ = 3–5
Euryarchaeota Single 

subunit
Dolichol-PP-OS

AglB C55–
C60

Mono-
phos

3–7 
res

σ = 1–5
Eubacteria Limited distribution in the 

δ- and ε-Proteobacteria 
(including Campylobacter, 
Helicobacter, and deep-sea  
vent Proteobacteria)

Single 
subunit

Polyprenol-PP-OS [DE]-!P-
N-!P-[ST]

PglB C55 Di-phos 7 res
σ = 0

aCnumber denotes the length of the dolichol/polyprenol in the five-carbon isoprene unit. For exam-
ple, C55 denotes a dolichol/polyprenol with 11 isoprene units. σ represents the number of satura-
tions of the double bonds in the dolichol/polyprenol chain. By definition, the dolichol has one 
saturated unit at the α-terminus (on the side with the OH group), in addition to the other saturated 
units, which are probably close to the opposite ω-terminus
bThe acidic residue at the -2 position is not absolutely necessary in some eubacterial species. !P 
denotes any amino acid residue except for Pro
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variations in the homologous Stt3/AglB/PglB proteins alter the oligosaccharyl 
transfer functions, as substitutes for the non-Stt3 subunits. For example, the amino 
acid variations in the single-subunit OSTs confer different preferences for the amino 
acid sequences around a sequon and for the oligosaccharide structures in the LLO 
(Izquierdo et al. 2009; Taguchi et al. 2016).

The Stt3/AglB/PglB proteins consist of 600–1,000 amino acid residues. The 
N-terminal half (400–500 residues) of the primary sequence is a transmembrane 
region, with 13 transmembrane (TM) α-helices, whereas the C-terminal half (200–
500 residues) of the primary sequence forms a soluble, globular domain (Fig. 9.3a). 

Fig. 9.3  Domain structures of the subunits of OST. (a) Stt3/AglB/PglB. EL1, EL2, and EL5 are 
the external loops. Short conserved amino acid motifs are located in these loop regions and in the 
C-terminal globular domain. (b) Other obligatory subunits in yeast OST. Extra domains present in 
human OST are depicted as dashed ovals. (c) Additional subunits in human OST

9  Structural Basis of Protein Asn-Glycosylation by Oligosaccharyltransferases
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The overall sequence conservation is very low across the three domains of life, but 
a few conserved short amino acid motifs have been identified. The N-terminal TM 
region contains two diacidic DXD motifs on the first and second external loops 
(EL1 and EL2) and an SVSE/TIXE motif on the fifth external loop (EL5). The 
C-terminal globular domain contains a well-conserved five-residue motif, WWDYG, 
and a DK/MI motif. The latter amino acid motif was identified by the 3D structure-
based sequence alignment (Maita et al. 2010).

The recombinant production of a higher eukaryotic Stt3 protein has not been 
reported. This is probably because the higher eukaryotic OST enzyme is a multi-
subunit protein complex. In contrast, single-subunit OSTs (i.e., the stand-alone cata-
lytic subunits) can be expressed in active forms. A lower eukaryotic Stt3 from 
Trypanosoma brucei was produced in insect cells (Ramirez et al. 2017), and archaeal 
AglBs and eubacterial PglBs were produced in the membrane fractions of E. coli 
cells (Jaffee and Imperiali 2013; Maita et al. 2010; Matsumoto et al. 2013b). The 
multi-subunit OST complex from yeast can be purified to homogeneity with an 
affinity tag, which was previously incorporated into a subunit (Chavan et al. 2006; 
Harada et al. 2013). An archaeal OST, AglB, was also isolated from cultured archaeal 
cells using specific polyclonal antibodies (Igura et al. 2008). This native AglB pro-
tein is suitable for studies of protein modifications. In fact, the N-glycosylation of 
yeast and mammalian Stt3s and Pyrobaculum calidifontis AglB were experimen-
tally confirmed (Braunger et al. 2018; Fujinami et al. 2017; Li et al. 2005).

9.6  �Non-catalytic Subunits of the OST Enzyme

Yeast OST has been studied as a model of the eukaryotic multi-subunit OST com-
plex. The yeast OST consists of eight membrane-protein subunits in an equimolar 
ratio (Stt3, Wbp1, Swp1, Ost1, Ost2, Ost3 or Ost6, Ost4, Ost5) (Table  9.3 and 
Fig. 9.3b). Ost3 and Ost6 are homologous to each other and interchangeable to form 
two different complexes, containing either Ost3 or Ost6 (Spirig et al. 2005). The 
five subunits (Stt3, Wbp1, Swp1, Ost1, Ost2) are essential, and their deletions from 
the genome are lethal (Kelleher and Gilmore 2006). The other three subunits (Ost3 
or Ost6, Ost4, Ost5) are nonessential, but their deletions affect the state of protein 
N-glycosylation in yeast cells. The Ost3 and Ost6 double knock out led to severe 
underglycosylation of proteins (Knauer and Lehle 1999a).

The Ost3 and Ost6 proteins have a thioredoxin fold in the N-terminal soluble 
domain. The oxidoreductase activity is considered to suppress the disulfide bond 
formation during the oligosaccharyl transfer reaction (Schulz et al. 2009). Ost4 is a 
small, 33-residue protein consisting of one membrane-spanning TM helix. Ost4 is 
required for the incorporation of Ost3 or Ost6 into the yeast OST complex (Spirig 
et  al. 2005). The functions of the other subunits remain to be determined. 
Interestingly, recent cryoEM structures of the yeast OST complex suggested that the 
N-terminal soluble domain of Ost1 might bind to a glycosylated polypeptide seg-
ment, to prevent it from sliding back to the catalytic site of Stt3 (Bai et al. 2018).
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Mammalian genomes encode two Stt3 paralogs, Stt3A and Stt3B, leading to two 
OST complexes in human cells (Cherepanova et al. 2016). The human OST com-
plexes also possess subunits homologous to their yeast counterparts as obligatory 
subunits (Table 9.3). The Stt3A OST complex primarily acts in a co-translational 
mode to transfer an oligosaccharide to a sequon as soon as it emerges into the lumen 
of the ER, while the Stt3B OST complex modifies a sequon that is skipped by the 
Stt3A complex (Shrimal et al. 2015). It should be noted, however, that there is no 
sharp separation of the functions between the Stt3A and Stt3B OST complexes. The 
functional difference can be explained by the subunits corresponding to the yeast 
Ost3 and Ost6 (Fig. 9.3b). The Stt3A OST complex contains the DC2 and KCP2 
subunits (Shrimal et  al. 2017a), whereas the Stt3B OST complex contains the 
TUSC3 or MAGT1 subunit (Cherepanova et al. 2014). The TUSC3 and MAGT1 
proteins are Ost3 and Ost6 homologs, respectively, and the two proteins have the 
N-terminal oxidoreductase domain in addition to the C-terminal TM region 
(Mohorko et al. 2014). The DC2 and KCP2 proteins lack the oxidoreductase domain 

Table 9.3  Subunit composition of the OST complex

Homo sapiens (human)a

Saccharomyces 
cerevisiae (yeast) Function

STT3A complex STT3B complex Stt3 complex
Obligatory subunit
STT3A STT3B Stt3b Catalytic subunit
DDOST|OST48 Wbp1 ?
RPN1|ribophorin Ic Ost1 Extra cytosolic domain of 

RPN1 that binds to ribosome
RPN2|ribophorin IId Swp1 ?
DAD1 Ost2 ?
OST4 Ost4 Single TM protein that binds to 

Stt3
TMEM258 Ost5 ?
– TUSC3|N33 or 

MAGT1|IAPe

Ost3 or Ost6e Oxidoreductase activity

DC2|OSTC – mediates the interaction with 
the translocon channel,

KCP2|KRTCAP2 – probably as described above
Accessory subunit
Malectin|MLEC Lectin activity, direct 

interaction with RPN1
TREX1f modulation of the fOS 

generation
a“|” denotes two alias names
bYeast Stt3 is related to human STT3B
cRPN1 has an extra C-terminal domain that is not present in Ost1 (Fig. 9.3b)
dRPN2 has a large extra N-terminal domain that is not present in Swp1 (Fig. 9.3b)
eTwo subunits are mutually exclusive
fFurther studies are necessary to prove that TREX1 is an accessory subunit of OST
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(Fig. 9.3c) and can mediate the interactions with the protein translocation channel. 
Among the other obligatory subunits, RPN2|ribophorin II (“|” denotes two alias 
names of one protein) is related to yeast Swp1 but has acquired an extra amino acid 
sequence corresponding to the N-terminal 350-residue domain during evolution 
(Fig. 9.3b). RPN1|ribophorin I is related to yeast Ost1 and has an extra amino acid 
sequence corresponding to the C-terminal 150-residue domain (Fig.  9.3b). The 
human OST complexes contain the accessory subunit, Malectin|MLEC (Fig. 9.3c). 
Malectin|MLEC is a lectin that binds to the Glc-α-1,3-Glc disaccharide in the 
Glc2Man9GlcNAc2 trimming intermediate of protein-bound N-glycans and interacts 
with RPN1|ribophorin I (Cherepanova et al. 2016).

The subunit composition of the plant OST complex from Arabidopsis thaliana 
was reported (Jeong et al. 2018). There are two homologous genes for not only the 
Stt3 proteins, but also the homologs of human RPN1, DAD1, TUSC3, OST4, and 
MAGT1. The HAP6 and DGL1 proteins are single counterparts of human RPN2 
and DDOST, respectively. The counterpart of human TMEM258 has not been iden-
tified yet.

9.7  �The Sequon as the N-Oligosaccharide Acceptor

The N-glycosylation sequon is common across the three domains of life. The con-
sensus sequence is Asn-X-Ser or Asn-X-Thr, where the middle X position can be 
any amino acid residue except Pro (Gavel and von Heijne 1990). The residue next 
to the C-terminus of the hydroxy amino acid residue (the +3 position) is also prefer-
ably a non-Pro residue, but the exclusion of Pro is not strict (Ben-Dor et al. 2004; 
Petrescu et al. 2004). The glycosylation of the Asn residue in an atypical sequon, 
Asn-X-Cys, has occasionally been reported (Sato et al. 2000). It is reasonable to 
consider that the SH group of a Cys residue can substitute for the role of the OH 
group of the Ser/Thr residue in the sequon. Statistical studies of glycosylated 
sequons revealed that Thr was preferable to Ser (Ben-Dor et al. 2004; Petrescu et al. 
2004), and many experiments confirmed the preference in in vitro oligosaccharyl 
transfer (Chen et al. 2007; Igura and Kohda 2011a). Eubacteria use an extended ver-
sion of the five-residue sequon, Asp-X-Asn-X-Ser/Thr or Glu-X-Asn-X-Ser/Thr, 
where X represents a non-Pro residue (Kowarik et al. 2006b). The statistics of gly-
cosylated eubacterial sequons showed that Asp is preferable to Glu at the -2 posi-
tion. However, the presence of an acidic residue at the -2 position is not absolutely 
required, as sequons lacking the acidic residue at the -2 position were glycosylated 
in some eubacterial species (Ollis et al. 2015).

Although they are rare, the N-glycan modifications of the Asn residues in atypi-
cal sequences, such as Asn-Gly-X, Asn-X-Val, and Ser/Thr-X-Asn, and the 
modification of the Gln residue in a Gln-Gly-Thr sequence were found in glycopro-
teome analyses (Valliere-Douglass et al. 2010; Zielinska et al. 2010). Highly sensi-
tive mass spectrometry enabled the detection of such rare N-glycosylation events. In 
in vitro assays, the use of high concentrations of acceptor peptides and the PglB 
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protein (Gerber et  al. 2013; Lizak et  al. 2013) and the cross-linking of acceptor 
peptides to AglB (Matsumoto et al. 2017) generated the glycosylated Asn and Gln 
residues in atypical sequons. Therefore, in contrast to the descriptions in many text-
books that the Asn-X-Ser/Thr sequon (X ≠ Pro) is necessary for protein 
N-glycosylation, neither an Asn residue at the first position nor a hydroxy amino 
acid at the third position in the sequon is absolutely required for the N-oligosaccharyl 
transfer reaction. This fact is important for the elucidation of the catalytic mecha-
nism of the N-oligosaccharyl transfer reaction (see below).

It is interesting to discuss the amino acid bias at the X position of the sequon. 
Statistical analyses of many glycosylated sites in glycoproteins revealed little pref-
erence for a particular amino acid at the X position, except for the strict Pro exclu-
sion (Abu-Qarn and Eichler 2007; Ben-Dor et al. 2004; Petrescu et al. 2004). When 
a certain protein was selected as an acceptor protein in vivo, the analysis of the 
N-glycosylation of a particular site in the acceptor protein showed some tendency 
of amino acid preference at the X position (Chen et al. 2007; Kasturi et al. 1997). 
These observations suggested that the amino acid sequence variation in the flanking 
region of a sequon affects the amino acid preference at the X position. In other 
words, to observe the effects of the amino acid variation at the X position, the amino 
acid sequence within and around the sequon must be fixed. In fact, in in vitro OST 
assays with a short peptide as an acceptor substrate, strong amino acid preference 
was observed at the X position. For example, the Pyrococcus furiosus and 
Archaeoglobus fulgidus AglBs preferentially glycosylated sequons with Val and 
Glu at the X position, respectively (Igura and Kohda 2011a; Matsumoto et al. 2017), 
and Campylobacter jejuni PglB preferred Ala, Ser, Arg, Lys, and Val at the X posi-
tion (Chen et al. 2007). Interestingly, the in vitro bias can be modulated by amino 
acid mutations in the P. furiosus AglB protein, to some extent (Igura and Kohda 
2011b), and the tethering of an acceptor peptide via a disulfide bond almost com-
pletely suppressed the preference at the X position (Matsumoto et al. 2017). These 
results indicated that the OST determines the bias at the X position in glycosylated 
sequons. Finally, the Pro exclusion at the X position remains enigmatic, even though 
the crystal structures of the AglB/PglB-sequon complexes were determined. The 
structural basis of the Pro exclusion at the X position is a challenge to address in the 
future.

9.8  �Site Occupancy

OST determines the site occupancy of the N-glycan attachment in a sequon. 
Incomplete oligosaccharide transfer results in the macro-heterogeneity of glycopro-
teins (i.e., incomplete N-glycan attachment), which is particularly bothersome in 
pharmaceutical glycoprotein production, as well as micro-heterogeneity (i.e., varia-
tions in N-glycan structures). In this context, studies of the OST enzyme will be 
useful for the production of homogenous glycoproteins, using engineered cultured 
cells. When focusing on one particular sequon in a protein, the occurrence of 
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N-glycan attachment is almost 100 % or 0 % under the usual in vivo conditions. 
Partial N-glycan attachments may occur when a glycoprotein is overproduced in 
cultured cells, probably due to the shortage of the LLO supply. Statistics revealed 
that about one-third of the sequons are not glycosylated (Abu-Qarn and Eichler 
2007; Ben-Dor et al. 2004; Petrescu et al. 2004). Thus, the sequon is necessary, but 
not sufficient, for the N-oligosaccharyl transfer reaction. The factors that affect the 
site occupancy remain unknown. The site occupancy rule of N-glycosylation should 
be clarified by the conformations of the polypeptide chains in the states bound to the 
Stt3/AglB/PglB protein.

9.9  �Co- vs. Posttranslational Modes

The OST-catalyzed reaction is quite unique, with respect to the substrate recogni-
tion. In the co-translational mode, the active site must recognize a sequon quickly in 
a rapidly growing polypeptide chain and quickly release the glycosylated sequon 
from the active site. In the multi-subunit OSTs, other subunit proteins may facilitate 
the recognition and release processes. As a good example, the oxidoreductase 
domains of TUSC3/MAGT1 and Ost3/Ost6 were suggested to capture a polypep-
tide chain, before the polypeptide bound to the active site of Stt3 (Bai et al. 2018; 
Wild et al. 2018). It would be interesting to examine whether the oxidoreductase 
activity or simply the binding ability to the substrate polypeptide chains is necessary 
for the lookout role.

The TM region of DC2 (and probably KCP2) bridges the gap between Stt3A and 
the Sec61 translocon channel in the mammalian OST complex (Braunger et  al. 
2018; Shrimal et al. 2017a). In other words, the presence or absence of DC2 (and 
KCP2) determines the reaction mode of the N-oligosaccharyl transfer. As stated 
above, in human cells, the Stt3B OST complex transfers N-glycans in a posttransla-
tional manner to the sequons located close to the C-termini of polypeptides (Shrimal 
et  al. 2013). This is explained by the fact that the Stt3B OST complex does not 
contain the DC2 subunit. The yeast OST does not contain DC2, either, suggesting 
that N-glycosylation in yeast cells is principally posttranslational.

The single-subunit OSTs should work in a posttranslational mode. In fact, the C. 
jejuni OST, consisting of a single PglB protein, modified a sequon in flexible seg-
ments of folded proteins in a posttranslational manner (Kowarik et  al. 2006a). 
Alternatively, the single-subunit OSTs may work in a co-translational mode, in the 
presence of as-yet-unidentified protein subunits. In fact, the N-oligosaccharyl trans-
fer by PglB occurred before complete folding and might be coupled to the transloca-
tion process to the periplasm across the membrane (Silverman and Imperiali 2016). 
The mode of archaeal OSTs consisting of a single AglB protein has not been 
examined yet. The limited number of glycoproteins in species belonging to the phy-
lum Euryarchaeota suggests that euryachaeal AglBs work in a posttranslational 
mode. In contrast, considering the wide variety of glycoproteins in species belong-
ing to the phylum Crenarchaeota (Fujinami et al. 2017; Palmieri et al. 2013), the 
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co-translational mode of crenarchaeal AglBs is not impossible from necessity of 
efficient glycosylation in harsh environments.

9.10  �LLO as the N-Oligosaccharide Donor

The chemical structures of the glycan donor, LLO, are diverse across the three 
domains of life in two ways: the variation of the chemical structure of the oligosac-
charide portion and the variation of the chemical structure of the lipid-phospho 
carrier (Table 9.1). In Eukarya, the canonical 14-residue oligosaccharide structure, 
Glc3Man9GlcNAc2, is widely conserved. Lower eukaryotes use a shorter version of 
the 14-residue structure, lacking the terminal three glucose residues (Samuelson 
et al. 2005). In contrast, Archaea and Eubacteria use completely different sets of 
oligosaccharide structures from species to species (Jarrell et al. 2014). Previously, 
the archaeal oligosaccharides were considered to be shorter and to lack notable 
branching structures, but recent studies have revealed the rich world of archaeal 
oligosaccharide structures. In particular, the N-oligosaccharide of P. calidifontis is 
a biantennary, high-mannose type and is the most similar to the eukaryotic counter-
part, among all archaeal and eubacterial N-glycans reported to date (Fujinami et al. 
2017). Structural differences exist in the anomeric configuration between Man and 
GlcNAc, and the chemical modifications in the chitobiose structure, GlcNAc-β-1,4-
GlcNAc. These differences make P. calidifontis LLO unexchangeable with yeast 
LLO in the oligosaccharyl transfer reaction. Another interesting example is the 
N-oligosaccharide of A. fulgidus, which exclusively consists of hexose residues 
(Fujinami et al. 2015). Finally, how many monosaccharide residues are necessary 
for recognition by the OST enzyme? The in vitro assays with a synthetic LLO ana-
log indicated that the minimum numbers of monosaccharide residues are one for 
Campylobacter PglB (Ishiwata et al. 2015) and two for Methanococcus voltae AglB 
(Larkin et al. 2013) and Trypanosoma Stt3 (Ramirez et al. 2017).

As for the lipid-phospho part, Eukarya and Archaea use dolichol, but Eubacteria 
use polyprenol (Hartley and Imperiali 2012) (Table 9.1). One isoprene unit, -CH2-
CH=C(CH3)-CH2-, consists of five carbon atoms and contains one double bond. 
Polyprenol is a long-chain primary alcohol, consisting of many isoprene units, and 
dolichol is a special type of polyprenol with one saturated isoprene unit at the 
α-terminus (i.e., the side with the OH group) (Fig. 9.2). The numbers of isoprene 
units and the degrees of double-bond saturation are variable among the three 
domains of life. Higher Eukaryotes use long 14–22-unit dolichol chains, with no 
saturation other than the α-isoprene unit. Lower Eukaryotes (Protozoa) use shorter 
dolichols with 11–13 units. Archaea use shorter dolichol chains with 6–12 units, 
whereas Eubacteria use 11-unit undecaprenol chains. The dolichol chains of 
Archaea contain zero to four saturated isoprene units besides the α-isoprene unit, 
which are presumably close to the opposite ω-terminus (Kuntz et  al. 1997). 
Regarding the number of phosphate groups in the lipid-phospho carrier of LLO, the 
two phosphate-type LLOs are widely used. Exceptionally, a subset of Archaea uses 
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the one phosphate-type LLO (Chang et al. 2015; Larkin et al. 2013; Taguchi et al. 
2016). It was proposed that the monophosphate-type LLO is used in the phylum 
Euryarchaeota, and the diphosphate-type LLO is used in the phylum Crenarchaeota 
(Taguchi et al. 2016). The distribution of LLOs with different numbers of phosphate 
groups is consistent with the closer relationship of the phylum Crenarchaeota to 
Eukarya than that of the phylum Euryarchaeota, in the phylogenetic tree of life 
(Fig. 9.2).

New phyla in the domain Archaea have been identified, based on the information 
obtained from the DNA sequences of environmental samples and biological sam-
ples (Zaremba-Niedzwiedzka et al. 2017). Unfortunately, these new Archaea have 
not yet been cultured in laboratories. Since the purification of LLO from cultured 
cells is necessary, due to the stringent specificity of AglB for its cognate LLO, the 
biochemical studies of N-glycosylation in the new Archaea are currently impossi-
ble. In contrast, studies of the proteins from these Archaea are feasible, by using 
synthetic DNAs encoding the deduced protein sequences for the production of the 
recombinant proteins in heterologous host cells.

9.11  �Crystal Structures of Archaeal AglB and Eubacterial 
PglB

As often found in structural studies of membrane proteins, the crystal structures of 
the C-terminal soluble, globular domains of the AglB and PglB proteins were first 
determined for six archaeal AglB proteins from four archaeal species (Igura et al. 
2008; Matsumoto et al. 2012, 2013a; Nyirenda et al. 2013) and one eubacterial PglB 
protein from C. jejuni (Maita et al. 2010). Although they are enzymatically inactive, 
the detailed comparison of the structures revealed a conserved short motif, named 
the DK/MI motif (Maita et al. 2010), and the unusual plasticity of the region con-
taining the WWDYG motif in the C-terminal globular domain (Nyirenda et  al. 
2013).

The crystal structure of the full-length PglB protein from Campylobacter lari 
was determined to a resolution of 3.4 Å (Lizak et al. 2011), and subsequently that of 
the full-length AglB protein from A. fulgidus was solved at the same resolution 
(Matsumoto et al. 2013b), both in the presence of detergents (Fig. 9.4a). The struc-
tures of the C-terminal globular domains were used as the template structures for 
the molecular replacement in the structure determinations. The PglB structure was 
a sequon peptide substrate-bound form, whereas the AglB structure was an apo 
form. To obtain the AglB structure in the peptide-bound form, an acceptor peptide 
was tethered to the protein through an engineered disulfide bond (Matsumoto et al. 
2017). The position of the anchoring Cys residue in the AglB protein was selected 
by reference to the PglB structure. The Cys-containing mutant AglB protein was 
cross-linked to a peptide containing a sequon and a Cys residue. The crystal struc-
ture of the cross-linked AglB-sequon complex was determined to a resolution of 
3.5 Å (Matsumoto et al. 2017). The addition of LLO to the cross-linked complex 
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Fig. 9.4  Structures of the catalytic subunit of OST. (a) Crystal structures of C. lari PglB (PDB 
entry 3RCE), A. fulgidus AglB (3WAK), and EM structure of S. cerevisiae (yeast) Stt3 (6EZN). 
The last structure is the complex structure with seven other subunits. The small spheres in the PglB 
and AglB structures are the divalent metal ions bound to the active site. (b) The 13 TM helices, 
viewed from the cytoplasmic side. The TM helix 8 and helix 9 are labeled. (c) The CC (C-terminal 
core) structures conserved in the Stt3/AglB/PglB proteins. The leftmost panel shows the frame 
structure consisting of five β-strands. The dots show the position of the Ser/Thr-binding pocket 
formed by the first Trp and Asp in the WWDYG motif and the Lys/Ile residue in the DK/MI motif. 
The CC structural unit in PglB consists of 100 residues (D458-G482, S493-E513+V561-Q578, 
E675-L710), that in AglB consists of 104 residues (Y545-Q571, A584-V624, S671-
S699+Y770-R776), and that in Stt3 consists of 94 residues (K512-N536, G547-F573+D582-M590, 
E622-K635+L663-Q681)
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resulted in the oligosaccharyl transfer from LLO to the peptide tethered on the 
enzyme. The production of a glycopeptide within the same molecule indicated that 
the cross-linked complex was catalytically competent and provided a rational basis 
for the determined structure.

Close-up views of the sequon-bound sites are shown in Fig. 9.5a. In the C-terminal 
globular domains, the first Trp and Asp residues of the WWDYG motif and the Lys 
and Ile residues in the DK/MI motif form the Ser/Thr-binding pocket. The hydroxy 

Fig. 9.5  Twisted amide mechanism. (a) Close-up views of the sequon peptide binding site of C. 
lari PglB (PDB entry 3RCE) and A. fulgidus AglB (5GMY). The hypothetical activation mecha-
nism of the nitrogen atom in the side-chain carboxyamide group of the acceptor Asn is illustrated 
in the central panel. (b) Variable ordered and disordered states of the EL5 loop. The PglB EL5 
(G282-I322) was fully ordered (yellow) in the ternary complex (5OGL) but partially ordered (red) 
in the peptide-bound state (3RCE). The AglB EL5 (I334-T373) was fully ordered (yellow) in the 
apo form (3WAK), partially ordered (red) in the product-releasing form (3WAJ), and fully disor-
dered (not shown) in the peptide-bound form (5GMY). If we assume that the sequon binding and 
LLO binding accompany the conformational transition from the disordered state to the ordered 
state in the crystal structures, then the fully ordered state in the apo form of AglB (3WAK) is incon-
sistent with this assumption, for some unaccountable reason. (c) Close-up view of the sequon 
peptide and a nonhydrolyzable LLO analog in the ternary complex of PglB (5OGL). The distance 
between the side-chain nitrogen atom of Asn and the C1 carbon of the reducing-end monosaccha-
ride residue is 5.9 Å
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group of the Ser/Thr residue in the sequon is recognized by the carboxy group of the 
Asp residue in the WWDYG motif. The methyl group of the Thr residue in the 
sequon contacts the alkyl chain portion of the Lys residue in the DK motif in the 
AglB structure and the Ile residue in the MI motif in the PglB structure. The interac-
tions with the methyl group are absent for the Ser residue. The extra contacts involv-
ing the methyl group explain the structural basis for the preference of a Thr-containing 
sequon over a Ser-containing sequon.

The functional differences between the DK-based Ser/Thr-binding pocket and 
the MI-based Ser/Thr-binding pocket remain an open question. They may be linked 
to the differences in the dynamical properties of the pocket. The Ser/Thr-binding 
pocket catches and releases the Ser and Thr residues in the sequon during the cata-
lytic cycle. A working hypothesis is that the DK-based Ser/Thr-binding pocket is 
more dynamic than the MI-based Ser/Thr-pocket, which makes the Stt3 and AlgB 
proteins more suitable for the co-translational mode of the N-oligosaccharyl trans-
fer reaction than the PglB protein.

9.12  �Electron Microscopy (EM) Structures of the Yeast OST 
Complex

Single particle analyses of the yeast OST complex, isolated from the membrane 
fractions of yeast cells, were reported using negative-stained images (Chavan et al. 
2006) and amorphously frozen images (Li et al. 2008). The resolutions of these 3D 
EM maps were low (25 Å and 12 Å), since these studies were performed before the 
development of direct electron detectors. Recently, two new single particle analysis 
structures of the yeast OST complex have been reported (Bai et al. 2018; Wild et al. 
2018). Owing to the latest sensitive detectors, the resolutions of the 3D EM maps 
reached 3.3–3.5  Å, which were sufficient to place atomic models into the EM  
maps without reference to any predetermined high-resolution crystal structures 
(Fig. 9.4a). The atomic models include an ordered N-glycan structure attached to 
the subunit proteins and several ordered phospholipids between the subunits. The 
ordered N-glycan moiety is attached to a conserved Asn residue in the yeast Stt3 
(residue 539). The ordered N-glycan may contribute to the recognition of the 
N-oligosaccharide portion of the LLO molecule by forming a wide cavity with 
Wbp1 and Swp1 in the yeast OST complex. The eight subunits of yeast OST can be 
divided into three subcomplexes: subcomplex 1 contains Ost1 and Ost5; subcom-
plex 2 contains Stt3, Ost3, and Ost4; and subcomplex 3 contains Ost2, Wbp1, and 
Swp. The ordered phospholipids are located at the membrane-embedded interfaces 
between these subcomplexes. For purification from yeast cells, an affinity tag 
sequence was fused to the C-terminus of the Ost4 subunit in the yeast genome. After 
solubilization in the presence of detergents (digitonin or a mixture of n-dodecyl-β-
D-maltopyranoside (DDM) and cholesteryl hemisuccinate (CHS)), the OST com-
plex was affinity purified by binding to tag-specific monoclonal antibodies. In one 
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case, the OST complex was then reconstituted into a nanodisc. In spite of the  
differences in the preparative methods, the two structures are almost identical to 
each other. The two structures can be superimposed with a root-mean-square  
displacement of 1.7 Å over 1,963 aligned Cα atoms.

Another single particle analysis has been reported, even though the resolution 
was limited to medium resolutions (4.2–4.7 Å) (Braunger et al. 2018). Ribosome 
translocon complex (RTC) was prepared from canine rough ER membranes in the 
presence of digitonin. The atomic models of Stt3A, DC2, and the C-terminal half of 
RPN1 in the canine OST complex were constructed as part of a ribosome associated 
with a translocation channel. The DC2 protein mediates the interaction between the 
Stt3A subunit and the Sec61 translocon channel and occupies the position corre-
sponding to Ost3 in the yeast OST complex. The C-terminal cytosolic domain of 
RPN1 interacts with the ribosome. The DC2 and the extra C-terminal domain of 
RPN1, which are absent in the yeast OST complex (Table 9.3 and Fig. 9.3), provide 
the structural basis of the co-translational oligosaccharyl transfer mode of the mam-
malian Stt3A OST complex.

Although these EM structures allow many interesting speculations, the informa-
tion about the catalytic and substrate recognition mechanisms is limited, due to the 
absence of substrates in the EM maps. For example, a divalent ion, which is essen-
tial for the catalytic activity, is absent in these structures. The high-resolution EM 
analysis with a sequon-containing (poly)peptide and (soluble analogs of) LLO will 
provide fruitful information in the future.

9.13  �Conserved Protein Architectures Among the Stt3, AglB, 
and PglB Proteins

The amino acid sequence conservation among the Stt3/AglB/PglB proteins is very 
low (< 20 %) across the three domains of life, but common protein architectures can 
still be recognized. The N-terminal transmembrane region consists of 13 transmem-
brane helices with the same topology (Fig. 9.4a). The positions of the TM helix 8 
and TM helix 9 are similar between Stt3 and AglB but different in PglB (Fig. 9.4b). 
The conformational changes of the EL5 loop (Fig. 9.5b), which continues directly 
to the C-terminus of the TM helix 9 in the primary sequence, are considered to be 
critical for the LLO binding. The dynamic behaviors of the two TM helices and the 
EL5 loop are key elements for understanding the LLO recognition and the catalytic 
mechanism (Lizak et al. 2014; Shrimal et al. 2017b).

The C-terminal globular domain contains a common 100-residue structural unit, 
referred to as the C-terminal common unit (CC) in the comparison of AglB and 
PglB (Maita et al. 2010). Visual inspection revealed that the same CC structure is 
conserved in Stt3 (Fig.  9.4c). The framework of the CC unit is a five-stranded 
β-sheet structure. The WWDYG motif is located at the N-terminus of the α-helix 
that connects the first and second β-strands. The DK/MI motif is located on the heli-
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cal structure (probably in a 310-helix conformation) after the third β-strand. The 
significance of the DK/MI motif has been questioned in the past, since the chemical 
properties of Lys and Ile are very different. The identification of the conserved CC 
structure in Stt3 clearly demonstrated that the Lys and Ile residues in the motif 
occupy the identical positions and contribute to the formation of the Ser/Thr-binding 
pocket (Fig. 9.4c). In summary, the “13TM + CC structure” is well conserved in all 
of the Stt3/AglB/PglB proteins.

9.14  �Common Features Shared with Other 
Glycotransferases

Some glycosyltransferase enzymes utilize polyprenol/dolichol-phosphate-linked 
monosaccharides as the sugar donor. Among them, protein C-mannosyltransferase 
(CmanT) is particularly interesting. CmanT transfers a mannose residue from 
dolichol-monophosphate-Man to a Trp residue in the WXXW motif in selected pro-
teins, to form a C-C bond. The DPY-19 protein was identified as a CmanT in 
Caenorhabditis elegans (Buettner et  al. 2013). The discovery was guided by the 
topological homology of the TM helices to those of Stt3/AglB/PglB. However, the 
evolutionary relationship between CmanT and Stt3/AglB/PglB is currently enig-
matic but will be clarified in the future when the three-dimensional structure of 
CmanT is solved.

Another interesting case is the ArnT glycosyltransferase, which catalyzes the 
transfer of 4-amino-4-deoxy-L-arabinose (Ara4N) from undecaprenol-
monophosphate-Ara4N to a phosphate group in the lipid A moiety of the lipopoly-
saccharide. The crystal structures of ArnT from Cupriavidus metallidurans were 
determined in the apo form and in the complex with undecaprenyl-phosphate (Und-
P) to resolutions of 2.8 Å and 3.2 Å, respectively (Petrou et al. 2016). Strikingly, the 
structure of ArnT is reminiscent of the Stt3/AglB/PglB structure. The ArnT protein 
consists of the N-terminal TM region, containing 13 helices, and the smaller 
C-terminal globular domain. The topology of 8 TM helices (1-7+13) among the 13 
TM helices is identical, and a flexible periplasmic loop 4 (PL4), which connects TM 
helix 7 and helix 8, was disordered in the apo form and ordered in the Und-P bound 
form, similar to the EL5 loop in the Stt3/AglB/PglB protein. The five-stranded 
β-sheet structure in the CC unit of Stt3/AglB/PglB (Fig.  9.4c) also exists in the 
C-terminal domain of ArnT. An interesting feature, which was not mentioned in the 
previous paper (Petrou et al. 2016), is that Glu306 is located on the N-terminus of 
the α-helix that connects the first and second β-strands in the five-stranded β-sheet 
structure, and it exactly corresponds to the Asp residue in the WWDYG motif of the 
Stt3/AglB/PglB protein. In fact, the Glu residue in ArnT is perfectly conserved 
among the 25 members of the ArnT family and was suggested to be involved in the 
Ara4N binding (Petrou et al. 2016).
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9.15  �Twisted Mechanism for the Activation of the Amide 
Nitrogen

In the past, the Asn-X-Ser/Thr segment in the sequon was thought to adopt a turn-
like structure in the bound state, to bring the side chain of the acceptor Asn residue 
closer to the third residue, thus letting the hydroxy group of the third residue func-
tion as a catalytic group in the oligosaccharyl transfer reaction (Knauer and Lehle 
1999b). Recent in vitro experiments, however, have cast doubt on the possibility of 
the substrate-assisted catalysis. In fact, a sequon without the hydroxy or sulfhydryl 
group of the third amino acid residue was active as an acceptor (Zielinska et al. 
2010). Unexpectedly, no alternate chemical groups were found around the side 
chain of the acceptor Asn residue in the AglB/PglB-sequon complexes (Lizak et al. 
2011; Matsumoto et  al. 2013b). In the field of organic chemistry, the N-C bond 
twisting of an inherently planar carboxyamide group is a general concept to increase 
the nucleophilic reactivity of the inert amide nitrogen. NMR analyses suggested that 
amide bond twisting underlies the catalytic mechanism of protein splicing 
(Romanelli et al. 2004). Lizak et al. proposed that amide bond twisting is involved 
in the mechanism of the N-oligosaccharyl transfer reaction (Lizak et  al. 2011, 
2013). In the N-terminal transmembrane region, the carboxy group of the second 
Asp residue in the first DXD motif on the EL1 loop and the carboxy group of the 
Glu residue in the TIXE/SVSE motif in the EL5 loop constitute a catalytic entity 
with a bound divalent metal ion, presumably a magnesium ion (Fig. 9.5a). Acceptor 
peptide binding to the active site is aided by the interaction of the Ser/Thr residue in 
the sequon with the Ser/Thr-binding pocket in the C-terminal globular domain. 
Through the bipartite interactions with the two conserved carboxy groups, the side 
chain of the Asn residue in the sequon becomes part of a catalytic entity, termed the 
“carboxylate dyad structure,” and results in the twisting of the N-C bond in the side-
chain carboxyamide group of the Asn residue (Fig. 9.5a). The distortion of the pla-
nar carboxyamide group frees the lone electron pair on the nitrogen atom for a 
nucleophilic attack on the C1 anomeric carbon of the reducing-end monosaccharide 
residue in LLO. This hypothetical mechanism is referred to as the “twisted amide 
mechanism.” In addition, the involvement of the N-acetylamino group on the C-2 
carbon (at the R1 position in Fig. 9.5a) of the reducing-end monosaccharide was 
suggested (Lizak et al. 2011). Note that some archaeal LLOs lack the N-acetylamino 
group. The A. fulgidus LLO, consisting of only hexose residues, is a good example 
(Fujinami et al. 2015). Since these special LLOs are the monophosphate type, the 
details of the catalytic mechanism may differ from those of the Stt3/AglB/PglB 
enzymes, which use the diphosphate-type LLOs.

The amide bond twisting could occur in the crystals of the AglB/PglB-sequon 
complexes, but the resolution of the electron density maps was not sufficient to 
discuss the formation of the twisted amide (Lizak et  al. 2011; Matsumoto et  al. 
2017). Although a theoretical study with a molecular dynamics simulation sug-
gested the generation of the twisted amide in the absence of LLO (Pedebos et al. 
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2015), the stabilization by the binding of LLO may be necessary for the twisted 
amide formation. The ternary complex structure of C. lari PglB with a peptide and 
LLO has been reported, to a resolution of 2.7 Å (Napiorkowska et al. 2017). The 
LLO used for crystallization was a chemically synthesized, soluble analog with a 
single GlcNAc residue and a short C20 polyprenol chain. The oxygen atom directly 
attached to the C1 carbon of the GlcNAc residue was replaced by a carbon atom, to 
create a nonhydrolyzable LLO analog. In the complex structure, the distance 
between the amide nitrogen of the acceptor Asn residue and the C1 carbon of the 
GlcNAc residue is 5.9  Å, which is too far for the nucleophilic attack to occur 
(Fig. 9.5c). Thus, unfortunately, the crystal structure did not provide any experimen-
tal evidence for the twisted amide formation. The replacement of the oxygen atom 
by a carbon atom in the nonhydrolyzable analog probably had an unwanted effect. 
Thus, further studies are necessary to prove the hypothetical twisted amide mecha-
nism of the OST enzyme.

NMR spectroscopy is a promising method for the analysis of the amide bond 
twisting. It was used to detect twisted amides in low-molecular-weight compounds 
(Yamada 1996) and a 200-residue soluble protein, the Mycobacterium xenopi DNA 
gyrase A intein (Romanelli et al. 2004). Although the application of NMR to high-
molecular-weight membrane proteins is challenging, the high-field shifts of the 
chemical shift values of the amide 1H and 15N nuclei and the decreased 1J coupling 
constant of the N-C bond in the side-chain carboxyamide group of the Asn residue 
could directly prove the existence of the twisted carboxyamide group.

The cytoplasmic N-glycosyltransferase (NGT) is a functional homolog of the 
OST (Naegeli et al. 2014). The NGT enzyme catalyzes the transfer of a monosac-
charide (mainly Glc) to the side chain of Asn in polypeptides from nucleotide-
activated monosaccharides (UDP-Glc, GDP-Glc). Only a few genomes in the 
γ-Proteobacteria class encode this special enzyme, including Haemophilus influen-
zae and Actinobacillus pleuropneumoniae. Since the same consensus sequence, 
Asn-X-Ser/Thr (X≠Pro), is preferably N-glycosylated, the catalytic mechanism of 
NGT is interesting. The crystal structures of A. pleuropneumoniae NGT (631-residue 
soluble protein) in the apo form and the UDP-Glc-bound form revealed that a cata-
lytic mechanism based on amide bond twisting was unlikely, because no structure 
similar to the carboxylate dyad was present (Naegeli et al. 2014). In fact, in terms of 
the amino acid homology, NGT is more similar to the eukaryotic O-GlcNAc 
transferase.

9.16  �Dynamic Nature of the OST Enzyme

The structures of two forms of the C. lari PglB protein, a sequon-bound form and a 
ternary complex form, have been determined. For the A. fulgidus AglB protein, 
three different forms are now available, an apo form, a sequon-bound form, and a 
product-releasing form. The product-releasing form (2.5 Å resolution) is a sulfate 
ion-bound structure, and the sulfate ion was supposed to mimic the phosphate group 
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of the monophosphate-type LLO (Matsumoto et al. 2013b; Petrou et al. 2016). The 
structures of two apo forms of yeast Stt3 in the multi-subunit OST complex have 
been solved. The comparison of these catalytic subunit structures in different states 
suggested that the conformation of the EL5 loop (30–50 residues) is quite variable 
(Fig. 9.5b). Interestingly, the N-terminal half and the C-terminal half of the EL5 
loop adopt ordered and disordered states in the electron maps, independently of 
each other (Lizak et al. 2014). The ordered state of the N-terminal half of EL5 con-
tains a short α-helix that interacts with the LLO. In the ordered state of the C-terminal 
half of EL5, the Glu residue in the TIXE/SVSE motif participates in the formation 
of the carboxylate dyad structure, to interact with the acceptor Asn residue in the 
sequon. In summary, the conformations of the N-terminal half and C-terminal half 
of EL5 are directly related to the formation and disruption of the LLO binding site 
and the sequon binding site, respectively. It is quite possible that the conformational 
changes of the N-terminal and C-terminal halves of EL5 are highly coordinated for 
the formation and disruption of the Ser/Thr-binding pocket during the catalytic 
cycle. These dynamic natures are considered to be necessary to facilitate the effi-
cient scanning of a nascent or folded polypeptide chain, to find glycosylation 
sequons.

9.17  �Concluding Remarks

The first crystal structure of the catalytic subunit, Stt3/AglB/PglB, of an oligosac-
charyltransferase was the C-terminal globular domain of P. furiosus AglB, in 2008. 
Over the past decade, the full-length structures of the AglB and PglB proteins were 
determined by X-ray crystallography, and those of the yeast and mammalian OST 
complexes were determined to atomic and near-atomic resolutions by cryoEM sin-
gle particle analyses. Those structures include apo forms and various complex states 
with acceptor peptides containing a sequon and/or LLOs. The detailed structural 
comparisons of the various states within the same species and across the different 
domains of life (Tables 9.1, 9.2 and 9.3) yielded a unified view of the structure of 
the OST enzyme. OST has a conserved structure consisting of 13 TM helices and 
the CC structural unit (Fig. 9.4). The carboxylate dyad structure, consisting of the 
acceptor Asn, two conserved acidic residues, and a divalent metal ion, formed on 
the luminal side of the TM region, accounts for the amide bond twisting mechanism 
to increase the nucleophilicity of the amide nitrogen atom of the acceptor Asn resi-
due (Fig. 9.5a). The Ser/Thr-binding pocket in the CC unit in the C-terminal domain 
explains the requirement of the hydroxy amino acid residues in the N-glycosylation 
sequon (Figs.  9.4c and 9.5a). Not surprisingly, the two functional structures are 
formed by short conserved amino acid motifs, the DXD, TIXE/SVSE, WWDYG, 
and DK/MI motifs (Fig. 9.3a). Note that the hydroxy group is dispensable for the 
oligosaccharyl transfer reaction under special conditions, because it serves as a 
simple marker for the N-glycosylation sequon.
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Since the information obtained from crystallography and cryoEM analyses is 
inevitably static, other techniques, such as NMR and AFM and single-molecule 
observations using fluorescent labels, are desired in the next research stage. The 
dynamical features of the EL5 loop, the TM helices 8 and 9, and the Ser/Thr-binding 
pocket are valuable concepts in the promotion of the next-generation research of the 
structures and functions of OST enzymes.
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Chapter 10
Visualization of Functional Structure 
and Kinetic Dynamics of Cellulases

Akihiko Nakamura and Ryota Iino

Abstract  Cellulose is the most abundant carbohydrate on earth and hydrolyzed by 
cellulases in nature. During catalysis, cellulase transfers protons to and from the 
oxygen atoms of the glycosidic bond and a water molecule. Since cellulose is an 
insoluble polymer, some kinds of cellulases, with high activity toward crystalline 
cellulose, move on the crystal surface with continuous hydrolysis of the molecular 
chain. In addition, binding and dissociation on/from the crystal surface are also 
important elementary steps of the reaction cycle. Recently, these interesting features 
of cellulases can be directly analyzed, due to the development of visualization tech-
niques. In this chapter, we introduce (1) visualization of the protonation state of the 
catalytic residue by neutron crystallography, (2) visualization of processive move-
ment on the crystal surface by high-speed atomic force microscopy, and (3) visual-
ization of binding and dissociation events by single-molecule fluorescence 
microscopy.
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10.1  �Introduction

Cellulase hydrolyzes cellulose, the main component of plant cell walls, to mono- or 
oligosaccharides. Cellulase is mainly produced by fungi and bacteria that live in soil 
(Štursová et al. 2012), coexist with animals (Julliand et al. 1999), or are pathogens 
of plants (Wood 1960). Cellulases are classified as members of the glycoside hydro-
lase (GH) family based on amino acid sequences and three-dimensional structures 
in the Carbohydrate-Active enZymes (CAZy) database (Lombard et al. 2014). At 
this time (Feb., 2018), 149 GH families exist, and cellulases are classified in 12 
families (GH5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 74, and 124). Traditional classifications 
of them, based on activity, are cellobiohydrolases and endoglucanases (EC 3.2.1.4). 
The former is additionally separated into nonreducing-end cellobiohydrolases (EC 
3.2.1.91) and reducing-end cellobiohydrolases (EC 3.2.1.176), depending on differ-
ent preferences for the ends of the molecular chain (Fig. 10.1). Cellobiohydrolases 
mainly produce cellobiose (a β-1,4-linked glucose dimer) from chain ends, and 
endoglucanase cuts the middle of chains in amorphous regions. Many cellulases 
consist of a catalytic domain (CD) and a cellulose-binding domain (CBD). These 
two domains of fungal cellulases are connected by an intrinsically disordered region 
modified with sugars, and those of bacterial cellulase  (Leschine 1995) are con-
nected by linker domain (i.e., fibronectin type III-like domain). Although, cellulases 
without CBD also exist. In this chapter, we focus on fungal cellulase.

Two reaction mechanisms have been proposed for cellulases depending on the 
anomeric structure of the products: one is the retaining mechanism, and the other is 
the inverting mechanism (McCarter and Stephen Withers 1994). In the former case, 
the catalytic nucleophile residue attacks the C1 carbon of glucose, and the catalytic 
acid/base residue protonates the oxygen of the glycosidic bond. After making a 
glycosyl-enzyme intermediate, the catalytic acid/base residue receives a proton 
from a water molecule, and the glycosidic bond of the intermediate is hydrolyzed. 

Fig. 10.1  Structure of cellulose and the domain construction of cellulase
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On the other hand, inverting cellulases hydrolyze cellulose at once with protonation 
of the oxygen of the glycosidic bond and activation of water by the catalytic acid 
and base residues, respectively. Both mechanisms basically need two acidic resi-
dues (aspartate or glutamate) and catalyze proton exchanges between cellulose and 
water molecules. Therefore, visualization of the protonated states of the residues 
around the substrate-binding site is useful to determine the catalytic residues and 
mechanisms.

The most unique feature of cellulase is the heterogeneous reaction at the liquid-
solid interface. Cellulose is an insoluble polymer of β-1,4-linked glucose, and the 
molecular chains make stabile crystal structures. During the reaction, cellulase 
needs to bind on the surface of cellulose, hydrolyze the glycosidic bond, and dis-
sociate from the surface. In the case of crystalline cellulose hydrolysis, not all 
enzyme-binding events are productive, because molecular chains are tightly packed 
and hydrolyzable parts are limited (Jalak et al. 2012). The constants (e.g., turnover 
and dissociation constant) obtained by biochemical assays are averages of all states. 
Therefore, single-molecule analysis is needed to determine the binding rate con-
stant (kon), dissociation rate constant (koff), and turnover of “truly” productive mol-
ecules. Actually, the movement of cellobiohydrolases on crystalline cellulose that 
had been expected from biochemical results was directly visualized by high-speed 
atomic force microscopy (HS-AFM), as described below (Igarashi et al. 2009).

In this chapter, we will introduce visualization of (1) protonation states of the 
catalytic residue by neutron and X-ray crystallography, (2) processive movement by 
HS-AFM, and (3) binding and dissociation on/from cellulose crystals by single-
molecule fluorescence microscopy. These visualization methods should be useful 
not only for the characterization of cellulases but also for other carbohydrate active 
enzymes.

10.2  �Visualization of Protonated States by X-Ray 
and Neutron Crystallography

The hydrogen atom is the most abundant atom in an enzyme molecule. Hydrogen 
atom is an important element of hydrogen bonding that is indispensable for stabili-
zation of higher-order enzyme structures and interactions between enzymes and 
substrates. It is also well known that proton exchange (hydrogen nucleus, generally 
also called a hydrogen ion or proton) occurs between substrate or solvent and amino 
acids that have polar groups. Structural analysis, including hydrogen atoms and 
protons, is extremely important for understanding the structure and reaction mecha-
nism of enzymes.

10  Visualization of Functional Structure and Kinetic Dynamics of Cellulases
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10.2.1  �Advantages and Challenges of Neutron Crystallography

In terms of three-dimensional structure determination of an enzyme, the most com-
mon method is X-ray crystallography, and over 100,000 structures have been regis-
tered in the Protein Data Bank (PDB), to date. In X-ray crystallography, the electron 
density of the atoms constituting the enzyme molecule are observed using X-ray as 
a probe. Carbon, oxygen, and nitrogen atoms that have a large atomic number and a 
large number of electrons are easily observed, compared to hydrogen atoms. 
Ultrahigh (sub-angstroms) resolution is needed for observing hydrogen atom, 
hydride, or proton with coordinate bond (Ogata et  al. 2015). On the other hand, 
neutron crystallography uses neutron as a probe, and neutrons diffracted by nuclei 
are observed. Therefore, the visibilities of atoms are completely different from 
X-ray crystallography, as shown in Fig. 10.2 (Varley 1992; McMaster et al. 1969). 
For example, sulfur atoms, easily observed by X-ray crystallography, show weak 
scattering intensity in neutron crystallography. Additionally, oxygen and nitrogen 
atoms are easily distinguished from each other by neutron crystallography because 
nitrogen atoms clearly show stronger scattering intensity. The most interesting fea-
ture of neutron crystallography is the differences of scattering intensities between 
isotopes. Due to this property, a deuterium atom (D) shows a scattering intensity 
equivalent to that of carbon atoms, whereas a hydrogen atom (H) shows an apparent 
negative scattering intensity, because the phase of the scattered neutron is reversed. 
If the hydrogen atoms of an enzyme are fully exchanged to deuterium atoms, the 
protonation states of the targeted residues can be easily visualized. During the dif-
fraction measurement, the enzyme crystal will not be damaged or reduced even at 
room temperature. The energy of the neutron beam of 81.8 meV (7.9 kJ/mol) for a 
wavelength of 1Å is not enough to cleave the covalent bonds of amino acids. This is 
the other advantage of neutron crystallography.

Fig. 10.2  Difference in scattering efficiency among atoms in neutron and X-ray crystallography
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There are two types of neutron sources for neutron crystallography. One is a 
nuclear reactor, which generates a mixed wavelength neutron beam, and the desired 
wavelength of the neutron beam is separated by a monochromator. This type of 
sources is available in Japan (Japan Research Reactor No.3), France (High-Flux 
Reactor), Germany (Forschungs-Neutronenquelle Heinz Maier-Leibnitz), and the 
USA (High Flux Isotope Reactor). The other is a short-pulsed nuclear spallation 
neutron source that generates a neutron from nuclear fission of a metal target (such 
as tungsten or liquid mercury) by pulsed proton beams from a synchrotron or linear 
accelerator. The neutron wavelength diffracted by the crystal can be selected using 
a synchronized chopper, because the timing of neutron generation is known. These 
sources are now available in Japan (Materials and Life Science Experimental 
Facility; MLF), the United Kingdom (ISIS spallation neutron source), and the USA 
(Spallation Neutron Source and Protein Crystallography Station). Additionally, a 
European Spallation Source is under construction in Sweden. Especially for the 
MLF BL02 iBIX of the Japan Proton Accelerator Research Complex (J-PARC), 
detectors synchronized with the neutron generator and chopper are used to analyze 
diffraction spots by a time-resolved Laue method. This system showed one of the 
highest efficiencies of measurement in the world (Kusaka et al. 2013).

Even with the continuous development of neutron crystallography, the biggest 
problem is the weak brightness of the neutron source. Because of this disadvantage, 
usually more than 1 mm3 of protein crystal and a half-month of measurement are 
needed for diffraction analysis. The probability of big crystal formation can be 
increased with detailed analysis of the crystallization condition (Nakamura et al. 
2013a), but crystal preparation is still the bottleneck of neutron crystallography. 
Further improvement of facilities and crystallization techniques are necessary to 
make neutron crystallography more generalized.

10.2.2  �An Example of Protonation Analysis of Cellulase

Some cellulases do not have a pair of acidic residues at the expected catalytic site 
from substrate-bound structures. For example, a GH45 inverting cellulase from a 
basidiomycete Phanerochaete chrysosporium (PcCel45A) has an aspartic acid resi-
due as the catalytic acid and produces products from cellulose, but an acidic residue 
was not found at a suitable position for the catalytic base residue (Nakamura et al. 
2015). The asparagine 92 residue was identified as a possible catalytic base from 
structural comparison with the most studied GH45 cellulase from the ascomycete 
Humicola insolens (HiCel45A) (Fig. 10.3a). In a biochemical assay, the PcCel45A 
N92D mutant showed drastically lower activity than the WT, indicating that Asn92 
is acting as the catalytic residue (Fig. 10.3b). These results mean that PcCel45A has 
a different mechanism from other known cellulases. Normally, however, asparagine 
cannot receive a proton at a moderate pH, because protonation of nitrogen and oxy-
gen atoms at a side chain amide need pH -7 or pH 0, respectively. Therefore, neu-
tron crystallography was applied to determine the protonation states of Asn92 and 
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the reaction mechanism of PcCel45A. Neutron diffraction from the 6 mm3 crystal 
was measured for 13.5 days at the iBIX in the MLF of J-PARC with 300 kW accel-
erator power. As a result, it was revealed that the Asn92 residue is not in the usual 
“amide form,” but in the “imidic acid form,” that is, the tautomer of amide (Fig. 10.4). 
However, under normal conditions, the imidic acid form is unstable, and the equi-
librium is biased to the amide form. Then, further analysis of the hydrogen bond 
around the catalytic residue revealed that the oxygen of the carbonyl of the Asn92 
side chain and the nitrogen of the amide of the main chain are connected by the 
positive scattering power map of neutron crystallography. Since no scattering map 
was observed there with X-ray crystallography, it was expected that deuterium ion 
was shared between the two atoms. Next, the hydrogen bonds between the two cata-
lytic residues (Asn92 and Asp114) were also analyzed in detail, and it was 
confirmed that the two catalytic residues are connected by a series of the positive 
scattering power map of neutron (Fig.  10.4). To verify these results, the activity 
profile of PcCel45A N105D was analyzed, because Asn105 does not directly par-
ticipate in substrate recognition or catalysis itself, but it looks to be relaying protons 
between the catalytic residues. As expected, the N105D mutant retained 80% activ-
ity, compared to wild type at pH 3.0, whereas at pH 5.5, the activity of the N105D 
mutant was completely lost (Fig.  10.3b). This is likely because the proton relay 
pathway is disconnected, due to the deprotonation of the aspartic acid side chain 
(pKa 3.9) at a lower pH than the wild type. From these results, it was shown that 
PcCel45A uses the imidic acid form of Asn92 as the catalytic base and that proton-
ation of the glycosidic bond and activation of the water molecule is coupled to the 
proton pathway. In this model, the imidic acid form of Asn92 can be regenerated via 
reverse proton relays by protonation of Asp114; thus it can be explained why the 
optimal pH of the reaction is acidic.

Fig. 10.3  (a) Superposition of the active sites of PcCel45A and HiCel45A (b) pH dependencies 
of the activity of PcCel45A WT, D114A, N92D, and N105D
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10.3  �Visualization of Processive Movement of Cellulase 
by HS-AFM

High-speed atomic force microscopy (HS-AFM) is the cutting-edge technique in 
single-molecule observation. The most important point of this system is that 
enzymes can be visualized without labeling. Higher frame rates and lower tapping 
force than conventional AFM were achieved using small cantilevers and high-speed 
scanners (Ando 2013). Actually, unidirectional movement of myosin V on actin fila-
ments (Kodera et al. 2010) and chitinase on the crystal chitin surface (Igarashi et al. 
2014) was visualized. In addition, the structural change of bacteriorhodopsin with 
photo activation (Shibata et al. 2010) and cooperative movements of the ring of a 
rotating motor F1-ATPase (α3β3 subunits), without the rotator (γ-subunit), were 
observed (Uchihashi et al. 2011). Recently, the distance distribution between two 
domains, connected by an intrinsically disordered region, was also analyzed (Kodera 
et al. 2015). These results mean that even the structural dynamics of enzymes can 
be visualized by HS-AFM. Please read reviews by developers about the detailed 
working mechanism of HS-AFM (Ando 2017).

One of the most exciting findings in the cellulase research is the direct observa-
tion of the processive movement of GH7 cellobiohydrolase from the ascomycete 
Trichoderma reesei (TrCel7A) using HS-AFM (Igarashi et al. 2009), like shown in 
Fig. 10.5. As described as above, cellobiohydrolases have been thought of as pro-
cessive enzymes, because they specifically produce cellobioses, that is, the repeat-
ing unit of the cellulose molecular chain. From the structural comparison between 
cellobiohydrolase and endoglucanase in the same GH family, it was shown that only 
cellobiohydrolases have a tunnellike structure to keep the substrate-bound state 

Fig. 10.4  (a) Imidic acid form of Asn92  in PcCel45A WT. (b) Neutron scattering power map 
between Asn92 and Asp114
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(Davies and Henrissat 1995). Furthermore, sharpened edges of cellulose crystals, 
after degradation by cellobiohydrolases, were shown by electron microscopy (Imai 
et  al. 1998). Processivity of cellulases have been discussed for a long time with 
these indirect evidences. Visualization of processive movement by HS-AFM pro-
vided a new direction of analysis for cellulase characterization, like moving velocity 
(meaning kcat of a productive molecule) and moving length (indicating 
processivity).

10.3.1  �Analysis of Velocity and Processivity by HS-AFM

For the observation of cellulase movement, cellulose crystals should be stabilized 
on the surface of a graphite disc or hydrophobized mica, stuck on a glass stage. 
Fortunately, cellulose crystals are bound on their surface by just putting a drop of 
the cellulose crystal suspension, because a cellulose crystal has hydrophobic planes 
on its surface. Usually, 2 μl of 20 μM enzyme are added into 80 μl of observation 
buffer in the liquid chamber. In the case of a weak-binding mutant, like a separated 
CD, about ten times higher concentration of enzyme solution is required to find 
moving molecules. The highest frame rate reported previously is 5 fps. Higher 
frame rates will provide better time resolution for moving time analysis and proces-
sivity estimation, but they also make it difficult to track moving molecules across a 
long distance, due to the limitation of the field of view. Tracking of moving mole-
cules is achieved by peak estimation with a 2D-Gaussian distribution fitting to the 
molecule image of height per frame. Moving distance and time are calculated from 
the difference of peak positions and number of frames between the start and end 
frames of movement. From these values, velocities of each molecule are deter-
mined, and the moving velocity of the enzyme can be estimated from the 

Fig. 10.5  Processive movement of TrCel7A observed by HS-AFM
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distributions of these velocities of observed molecules. In single-molecule analysis, 
a velocity of an observed molecule does not always represent the typical character 
of the target enzyme, because the values of the velocities of molecules follow a 
Gaussian distribution, if the enzyme has a single mode of movement. Therefore, 
velocities of a high enough number of molecules should be analyzed to discuss the 
overall enzyme properties. The analysis of moving time follows the same manner. 
Distribution of moving times of observed molecules is fitted with an exponential 
decay function, and moving time (or dissociation constant) can be determined. 
Moving distance can be calculated using the values of velocity and moving time, 
and processivity can be calculated when the step size of cellobiohydrolases is 
assumed as 1 nm from the size of cellobiose (1.04 nm).

Not many kinds of cellobiohydrolases were observed with HS-AFM. Values of 
velocity and processivity have only been compared among TrCel7A and two iso-
zymes of GH7 cellobiohydrolases from P. chrysosporium (PcCel7C and PcCel7D) 
(Nakamura et al. 2014). All of them hydrolyze cellulose from reducing ends. At 
first, the processive movement of TrCel7A was compared, across the wild-type 
enzyme, only the CD, an inactive mutant (E212Q) and a less-active mutant to crys-
talline cellulose (W40A) (Igarashi et al. 2009). Processive movement of the TrCel7A 
CD indicated that the CBD and linker region are not necessary for processive move-
ment. On the other hand, TrCel7A E212Q just bound to cellulose and did not move. 
From these results, it was clearly shown that TrCel7A moves on cellulose with 
hydrolysis of the chain. Additionally, processive movement of TrCel7A W40A was 
also not found, although Trp40 is only located at the entrance of the tunnel structure 
and far from the catalytic site. The tryptophan residue at the entrance of the tunnel 
is highly conserved in GH7 cellobiohydrolases (Nakamura et al. 2013b). In a bio-
chemical assay, TrCel7A W40A showed lower activity per bound enzyme to crys-
talline cellulose, but higher specific activity toward amorphous cellulose. The role 
of Trp40 in TrCel7A was identified from the results of molecular dynamics simula-
tions. When the glucose ring of the reducing end of the cellulose chain was placed 
on Trp40, wild-type TrCel7A can take the molecular chain into the tunnellike struc-
ture. In contrast, W40A could not hold the reducing end at the entrance of the tunnel 
and failed to take in the chain. However, when the chain end was placed in the tun-
nel, there was no difference between the wild type and W40A, indicating that Trp40 
is just important for initial chain catching at the entrance of the tunnel. Trp40 is 
important only for crystalline cellulose degradation, because the number and length 
of available chain ends might be limited on the surface of crystalline cellulose, com-
pared to disordered amorphous cellulose.

Compared to cellobiohydrolases from Ascomycetes like TrCel7A, cellobiohy-
drolases from Basidiomycetes have more open tunnel structures, due to the deletion 
of loops (Nakamura et al. 2014). These structural features are expected to cause the 
difference in processivities, but there has been no clear evidence. In a direct com-
parison of the processive movement with HS-AFM, the processivity of TrCel7A 
was 34.0, while the processivities of PcCel7D and PcCel7C were 29.4 and 28.8, 
respectively (Table 10.1). TrCel7A showed higher processivity than PcCel7D and 
PcCel7C, as expected. Their moving times showed a similar trend, and the values 
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were 5.0 s (TrCel7A), 3.1 s (PcCel7D), and 2.0 s (PcCel7C). Interestingly, the order 
of moving velocities was opposite, and TrCel7A showed the slowest velocity 
(6.8 nm/s) in the three. The velocity of PcCel7C (14.7 nm/s) was higher than that of 
PcCel7D (9.4 nm/s). This trade-off relationship between velocity and processivity, 
or moving time, indicates that a high affinity to the cellulose chain causes slow-
moving actions. These results show that HS-AFM is a powerful tool to analyze the 
relationship between structure and function of processive cellobiohydrolases.

One of the GH6 cellobiohydrolases from T. reesei (TrCel6A) that hydrolyzes 
cellulose from nonreducing ends was also observed by HS-AFM (Igarashi et  al. 
2011), but clear movement of TrCel6A was not observed, even though TrCel6A 
showed crystals with sharpened edges in electron microscopy analysis (Chanzy and 
Henrissat 1985). Some GH6 enzymes from cellulose-degrading bacterial species 
showed processive motion on cellulose crystals, but this has not yet been published. 
Further analysis is needed to clarify the structural and functional differences of 
moving and nonmoving GH6 cellobiohydrolases in HS-AFM observation.

10.4  �Visualization of Binding and Dissociation by Single-
Molecule Fluorescence Microscopy

Single-molecule fluorescence microscopy is a more conventional method than 
HS-AFM, but it is still a very useful technique (Iino et al. 2017). To visualize target 
molecules, samples must be labeled with fluorescence probes. One of the easiest 
labeling strategies is to make a fusion enzyme with a fluorescent protein (e.g., the 
green fluorescence protein, GFP). The labeling ratio can be very high, if the linker 
peptide between the protein and GFP is not cleaved by proteases. But for cellulase 
analysis, the size of GFP is almost same as the size of the CD. Thus, it has the pos-
sibility to inhibit the binding. The other method of fluorescence labeling is conjuga-
tion with small dyes. Many kinds of combinations of dyes and functional groups are 
commercially available. Cy3-maleimide is used for labeling of cellulase, in that a 
free cysteine residue is introduced far from the expected cellulose-binding surface. 
Cy3 itself does not bind to cellulose; thus, labeling will not affect the binding prop-
erties of cellulase. Because cellulases work outside the cell, an unexpected reaction 
with an intrinsic free cysteine rarely happens. Therefore, conjugation with a 
maleimide group is easier for specific labeling than using isothiocyanate and 

Table 10.1  Moving velocities, moving time, and processivity of GH7 cellobiohydrolases

Enzyme Velocity (nm/s) Moving time (s) Processivity

TrCel7A 6.8 ± 3.5 3.5 ± 0.2 34.0
PcCel7D 9.4 ± 3.7 2.2 ± 0.1 29.4
PcCel7C 14.7 ± 9.1 1.4 ± 0.0 28.8

From Nakamura et al. (2014)
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N-hydroxysuccinimide ester groups that react with amide groups. After labeling 
with Cy3, the unreacted dye should be completely removed with size exclusion 
chromatography or ultrafiltration to calculate the labeling ratio of the enzyme. This 
labeling ratio is needed to normalize the observed kon value. Cellulose crystals were 
stabilized on glass for observation (usually, cover glass with a thickness of 0.12–
0.17 mm is used) by spin coating. The glass is treated with 10 M KOH overnight 
and carefully washed with ultrapure water to remove fluorescence by debris. If a 
His6-tag is used for enzyme purification, it should be removed by protease treat-
ment before observation. Histidine residues have positive charges at acidic pH and 
cause non-specific binding to the glass surface.

Total internal reflection fluorescence microscopy was used to observe the fluo-
rescence from single dye molecules. Illumination by total internal reflected light 
can excite the molecules just near the glass surface (~200 nm). Therefore, back-
ground intensity from unbound molecules is kept low, and only bound molecules on 
the crystal surface are observed. Observation conditions for kon and koff analysis are 
5 fps with 0.14 μW/μm2 of laser power (532 nm) to visualize the fast dissociation 
events and long binding events without photobleaching. The photobleaching time of 
Cy3 in 50 mM sodium acetate buffer, pH 5.0, at 25 °C is 18.8 ± 0.8 s under these 
observation conditions. For observation of single molecules, 25 to 250 pM of 20 μl 
enzyme solution is dropped on the glass, and cellulose fibrils are stained by 10 nM 
labeled enzyme. A movie of binding and dissociation is overlaid with the stained 
cellulose image using ImageJ software, and the number of bound molecules on each 
crystal and the binding times of each molecule are counted during the observation 
time. Lengths of cellulose fibrils are calculated from the length and pixel size in the 
stained image. The value of kon is defined by the number of bound molecules per 
concentration of enzyme (M), standard length of the fibril (μm), and analyzed time 
(s). The value of kon for the target enzyme is estimated from the peak of a Gaussian 
fit to the distribution of kon for each fibril. The value of koff is obtained by fitting with 
exponential decays to the distribution of the binding time of the molecules. Movies 
for the analysis of moving velocities and processivity are recorded at 0.5 fps with 
0.28 μW/μm2 laser power to improve the position precision. The values of precision 
on the x- and y-axis are 6 to 8 nm, and the photobleaching time is 15.0 ± 0.7 s. 
Moving distances and times of molecules that move more than three frames along 
with cellulose are analyzed. Velocity, moving time, and processivity are analyzed 
with the same method used for HS-AFM observation.

To understand the complete reaction cycle of cellulase, not only the velocity of 
processive movement (ktr) but also the rate constants of binding (kon) and dissocia-
tion (koff) should be analyzed. In HS-AFM observation, the total number of binding 
molecules is difficult to count, due to the limited field of view and non-specific 
binding of enzymes to graphite or the hydrophobic, coated mica surface. TrCel7A 
and TrCel6A have been observed by single-molecule fluorescence microscopy 
(Shibafuji et al. 2014; Nakamura et al. 2016). The results of the kinetic constant 
analysis are summarized in the following subsections.
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10.4.1  �Analysis of the Binding and Dissociation Rate 
Constants of Cellulase

Distributions of binding constants of both TrCel7A and TrCel6A showed multiple 
peaks (Fig. 10.6). Peak values are roughly quantized in both cases, due to the bun-
dled forms of fibrils. By HS-AFM observation of the cellulose crystals, bundles of 
crystals were observed. The width of single crystals of cellulose Iα and IIII that are 
the different shapes of crystals were 24 nm and 21 nm, respectively. Thus, bundles 
of cellulose were not resolved by fluorescence microscopy (special resolution is ~ 
λ/2), and kon values might show quantized values. First peaks of kon (corresponding 
to the single crystals) for cellulose Iα of TrCel7A and TrCel6A were 7.3 × 108 ± 0.3 
× 108 M–1μm–1s–1 and 7.5 × 108 ± 0.3 × 108 M–1μm–1s–1, respectively. These two 

Fig. 10.6  kon and koff of TrCel7A and TrCel6A for cellulose Iα measured by single-molecule fluo-
rescence microscopy
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enzymes both consist of the CBD, a linker, and the CD. These similar values of kon 
represent the similarities of the domain structures. When the kon values of the CD, 
CBD-linker, and CBD of TrCel6A are compared with the value for the whole struc-
ture of TrCel6A, the values of the CD (5.2 × 107 ± 0.4 × 107 M–1μm–1s–1) and the 
CBD (5.6  ×  107 ±0.2  ×  107 M–1μm–1s–1) were less than one tenth of the whole 
enzyme. Although that of the CBD-linker was 3.9 × 108 ± 0.05 × 108 M–1μm–1s–1, 
that is just a half of the full-length TrCel6A.  These results mean that the linker 
region is very important for the initial interaction with the cellulose surface. The 
linker region of cellobiohydrolases from fungi is comprised of serine- and threonine-
rich sequences and highly O-glycosylated. The role of glycosylation has been 
thought to be for protection from proteolysis. Recently, the interaction between sug-
ars of the linker and the cellulose crystal has been proposed by molecular dynamics 
simulations (Payne et al. 2013). The results of the kon analysis by single-molecule 
fluorescence microscopy are highly consistent with this hypothesis.

Distributions of the binding time for TrCel7A and TrCel6A on cellulose Iα were 
fitted with a double exponential decay (Fig. 10.6). The values of koff and their ratios 
of TrCel7A are 0.12 ± 0.01/s (48%) and 0.86 ± 0.03 /s (58%). Those of TrCel6A are 
0.10 ± 0.02/s (30%) and 1.1 ± 0.03/s (70%). These results mean that they have at 
least two binding modes, with different binding energies for the cellulose surface. 
There are many possibilities for multiple binding modes. Expected reasons are, for 
example, binding with the CBD and the CD (nonproductive and productive), bind-
ing to the crystal region or amorphous region, and differences in the binding sur-
faces (hydrophobic and hydrophilic). The most probable one is differences at the 
binding surface. For observation, highly crystalline cellulose, purified from green 
algae, was used. The crystallinity of cellulose was more than 99%, indicating that 
binding to the amorphous region is rare. Additionally, only the CBD showed two 
binding modes with similar koff values and ratios to the whole protein, meaning the 
double domain structure is not the main reason.

10.4.2  �Analysis of Velocity and Processivity of Cellulase 
by Single-Molecule Fluorescence Microscopy

TrCel6A had been thought of as a processive cellulase from biochemical assays and 
electron microscopy observation, but processive movement was not found in 
HS-AFM observation. Therefore, the processive movement of TrCel6A was moni-
tored with improved position precision. As a result, molecules moving along with 
cellulose fibrils were found, and the distribution of velocities was fitted by two 
Gaussian functions (peaks at 8.8 ± 5.5 nm/s and 34.9 ± 16.3 nm/s), as shown in 
Fig. 10.7. To determine the velocity of processive movement, an inactive mutant of 
TrCel6A (D221A) was also observed in the same way. The distribution of velocities 
of the inactive mutant showed a single peak at 35.5 ± 17.4 nm/s. Moving times of 
fast-moving TrCel6A and inactive mutant are almost less than 10 s, but that of 
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slowly-moving TrCel6A was longer than 10 s. Distributions of moving times of 
long movement were fitted with a single exponential decay with a time constant of 
7.7 s. When the step size was estimated as 1 nm, the processivity was calculated as 
68  ±  42. Furthermore, the distribution of velocity of the CD was fitted with a 
Gaussian distribution with peak at 39.2 ± 28.3 nm/s and moving times lower than 10 
s, even though it was still active. From these results, it was shown that TrCel6A 
moves processively at 8.8 nm/s for 68 times, and the CBD-linker increases the pro-
cessivity in the interaction with cellulose.

10.5  �Conclusions and Future Directions

In this chapter, visualization of protonation states and the proton pathway of cellu-
lase by neutron crystallography and visualization of kinetic elementary steps of 
processive cellulases by HS-AFM and single-molecule fluorescence microscopy 
were introduced. These methods are very useful to directly analyze the functional 
structure and dynamic motion of a cellulase on the surface of cellulose.

One of the good targets for the future study of structural analysis of cellulases is 
the catalytic mechanism of GH6 enzymes. TrCel6A is the most historical cellulase, 
but its catalytic mechanism is still under discussion, because the possible catalytic 
base is far from the putative catalytic acid residue. To determine the catalytic base, 
protonation state analysis by neutron crystallography is helpful. Another useful 
method is the characterization of processive cellobiohydrolases, as linear molecular 
motors. In the case of other linear motors, like kinesin-1 and myosin, distribution of 
step sizes and dwell times during pauses have been reported (Svoboda et al. 1993; 

Fig. 10.7  Trajectory and velocity of TrCel6A measured by single-molecule fluorescence 
microscopy
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Kitamura et al. 1999), and their moving mechanisms have been discussed. HS-AFM 
could not resolve the single steps of TrCel7A, because the frame rate is still not fast 
enough. The expected step size of cellobiohydrolases is 1 nm, and the step size of 
TrCel7A was reported as 1.3 ± 0.7 nm, using optical tweezers with 1.25 μm poly-
styrene beads (Brady et al. 2015). The moving power of TrCel7A was shown as 
more than 20 pN, but the observed velocities of TrCel7A were less than one tenth of 
that in HS-AFM observation. Thus, it is difficult to discuss kinetics and moving 
mechanisms. For further analysis of the moving mechanism of cellulases, single-
molecule observation with higher precision and time resolution and lower inhibition 
to movement, e.g., using a gold nanoparticle as a probe (Isojima et  al. 2016), is 
needed. Furthermore, the difference between cellulase and chitinase is interesting. 
Chitinase A from a bacteria Serratia marcescens (SmChiA) hydrolyzes and moves 
on chitin crystals that have a similar structure to cellulose. The kon and koff of SmChiA 
were both about 3 times larger than those of TrCel7A, indicating a similar (Kd) 
(Nakamura et al. 2018). However, a moving velocity of 70.5 nm/s was observed in 
SmChiA using HS-AFM that was approximately ten times faster than that of 
TrCel7A (Igarashi et al. 2014). When the moving mechanism of cellulase is revealed, 
the big difference in moving velocities will be explained. At last, the synergistic 
effect between GH7 and GH6 cellobiohydrolases that move in opposite directions 
of each other is the most mysterious topic. Localization and movement of each 
enzyme should be analyzed at the same time using multicolor imaging techniques.
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Chapter 11
Structure and Dynamics  
of Immunoglobulin G Glycoproteins

Hirokazu Yagi, Saeko Yanaka, and Koichi Kato

Abstract  Immunoglobulin G (IgG) is a major serum glycoprotein that exerts the 
role of antibody in the immune system. This multifunctional glycoprotein couples 
antigen recognition with a variety of effector functions promoted via interactions 
with various IgG-binding proteins. Given its versatile functionality, IgG has recently 
been used for therapeutic interventions. Evidence indicates that the carbohydrate 
moieties of IgG glycoproteins critically affect their antibody functions, particularly 
the effector functions mediated by the interactions with Fcγ receptors (FcγRs). 
N-glycans at specific positions of FcγR also contribute both positively and nega-
tively to the interactions with IgG.  The integration of multilateral biophysical 
approaches, including X-ray crystallography, nuclear magnetic resonance spectros-
copy, and molecular dynamics simulations, has provided structural insights into the 
mechanisms underlying the glycofunctions of this interacting system. The N-glycans 
of IgG and FcγR mediate their interactions by either strengthening or weakening the 
affinity on the basis of their glycoforms. Moreover, the N-glycosylation of IgG-Fc 
is a prerequisite to maintain the integrity of the quaternary structure of the sites 
interacting with the effector molecules and can also control functionally relevant 
local conformations. The biopharmaceutical significance of these glycan functions 
is discussed from a structural point of view.
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11.1  �Introduction

Many biopharmaceuticals, including therapeutic antibodies, are modified with gly-
cans, which exert an important contribution to their physicochemical properties, 
such as water solubility and thermal stability, and govern their therapeutic efficacy 
by influencing bioactivity, pharmacokinetics, and allergenicity (Solá and Griebenow 
2011; Strohl 2015; Lalonde and Durocher 2017). Therefore, detailed insights into 
the glycoprotein structure, including the carbohydrate moieties, will allow the 
development of biopharmaceutical glycoproteins. The carbohydrate moieties of 
glycoproteins present the microheterogeneities that is determined by the presence or 
absence of terminal sugar units and exhibit the conformational fluctuations gener-
ated by the motional freedom of glycosidic linkages (Kato et al. 2018). Although 
such structural complexity, diversity, and fluctuation hamper a structural biology 
approach, detailed structural data have recently been accumulated using X-ray crys-
tallography, nuclear magnetic resonance (NMR) spectroscopy, and other biophysi-
cal methods, thus allowing us to understand the functional mechanisms of 
immunoglobulin G (IgG) glycoproteins. This article outlines the structural biophys-
ics approaches used to characterize the structure, dynamics, and interactions of IgG 
as a model biopharmaceutical glycoprotein.

11.2  �The Structure of the IgG Glycoprotein

IgG forms a “Y”-shaped structure composed of two identical heavy chains and two 
identical light chains, each of which comprises two distinct regions: variable (V) 
and constant (C) regions (Fig.  11.1A). The light chain consists of two domains, 
namely, VL and CL, whereas the heavy chain is divided into four domains: VH, CH1, 
CH2, and CH3. The antigen recognition of IgG is performed by its Fab regions, spe-
cifically the VL and VH domains. These correspond to the top ends of the fork of the 
Y-shaped structure, whereas the Fc region comprises the CH2, and CH3 domains 
corresponding to the stem of the Y shape. The latter interacts with the complement 
component C1q and Fcγ receptors (FcγRs) of the immune cells to express its effec-
tor functions. Upon interaction with the hexavalent C1q, IgG forms a hexameric 
structure, whereas 1:1 binding to FcγR causes Fc to undergo an asymmetric confor-
mational change (Sondermann et  al. 2000; Kato et  al. 2000; Yogo et  al. 2017; 
Ugurlar et al. 2018).

Although IgG is classified into several subclasses (IgG1–4 in human and IgG1, 
IgG2a, IgG2b, and IgG3  in mouse), the Fc regions of each subclass share one 
conserved N-glycosylation site (Asn297) in each CH2 domain, which displays a 
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biantennary complex-type oligosaccharide. The pair of N-glycans is packed between 
the two CH2 domains (Deisenhofer 1981) and exhibits a microheterogeneity that 
results from the presence or absence of the nonreducing terminal fucose, galactose, 
and sialic acid residues (Fig. 11.1B) (Mizuochi et al. 1982). The glycosylation pro-
files of IgG-Fc depend on the species, age, pathological status, and culture conditions 

Fig. 11.1  Basic structure of IgG. (A) Schematic representation of IgG, which consists of two 
heavy chains (blue) and two light chains (cyan). N-glycosylation sites are indicated by a red circle. 
(B) Crystal structure of human IgG1-Fc. The oligosaccharides attached to Asn297 are colored in 
green (core), blue (Manα1-6 arm), and red (Manα1-3 arm). Key: galactose, Gal; mannose, Man; 
fucose, Fuc; N-acetylglucosamine, GlcNAc; Sialic acid, Sia
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of the IgG-producing cells. The profiles of IgG glycosylation can be altered by the 
occurrence and progression of many inflammatory diseases, such as rheumatoid 
arthritis and Wegener’s granulomatosis (Parekh et al. 1985; Mizuochi et al. 1990; 
Holland et al. 2006; Shade and Anthony 2013; Ercan et al. 2017). The Manα1-6 
branch contacts the inner surface of the CH2 domain, whereas the Manα1-3 branch 
projects into the cavity space and maintains motional freedom (Fig. 11.1B) (Wright 
and Morrison 1993; Yamaguchi et al. 1998; Jo et al. 2018).

By contrast, the Fab V region occasionally expresses nonconserved N-glycans 
(carried by ∼20% of human IgG), which are more exposed to solvent; therefore, this 
region undergoes higher degrees of sialylation than Fc glycans (Holland et al. 2006). 
Fab glycosylation can affect antigen binding according to glycan positions (van de 
Bovenkamp et al. 2016).

The Fab and Fc regions are separated by a hinge region, which harbors a disulfide-
linked core part, and flanked by flexible segments (Kim et al. 1994a). O-glycans 
have been identified in the Fab-proximal flexible segments in the hinge region of 
human IgG3 (Plomp et al. 2015), mouse IgG2b (Kim et al. 1994b), and a mouse 
IgG2a variant that lacks the entire CH1 domain (Masuda et al. 1999). The remaining 
classes of antibodies (IgA, IgD, IgE, and IgM) share the conserved N-glycosylation 
sites (corresponding to Asn297 in IgG) and additional N- and O-glycosylation sites 
(Yamaguchi et al. 2007; Shade and Anthony 2013).

The crystallographic data of the entire IgG molecule remain limited because the 
flexible nature of the hinge region hampers crystallization, unlike the cumulative 
crystal structures of the Fab and Fc fragments in complexes with their ligands 
(Yamaguchi et al. 2007). To date, only four crystal structures have provided entire 
views of IgG structure: the PDB codes 1igt, 1igy, 1hzh, and 5dk3 for mouse IgG1, 
mouse IgG2a, human IgG1, and humanized IgG4 structures, respectively (Harris 
et al. 1997, 1998; Saphire et al. 2001; Scapin et al. 2015). In all these cases, IgG 
molecules are packed into the crystal lattice by extensive intermolecular interac-
tions that exhibit distinct orientations of the Fc stem and Fab arms. In the human-
ized IgG4 structure, one CH2 domain flips, thus exposing the glycan (Scapin et al. 
2015). This unique conformational snapshot may be driven by the shorter hinge. 
The dynamic structure of a full-length IgG has been characterized by biophysical 
techniques, including NMR spectroscopy, electron microscopy, and solution scat-
tering (Kim et al. 1994a; Roux et al. 1997; Eryilmaz et al. 2013; Zhang et al. 2015). 
All these studies have highlighted the flexible nature of the hinge regions as a source 
of the internal motion of the IgG; therefore, these regions yield varying orientations 
of the Fab arms as well as the Fc stem.

11.3  �Impact of Glycosylation on the IgG Structure

It has long been recognized that the N-glycosylation of IgG influences its 
Fc-mediated effector functions (Nose and Wigzell 1983; Leatherbarrow et al. 1985; 
Burton 1985; Rademacher et al. 1988; Tao and Morrison 1989; Kiyoshi and Akira 
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1991; Yamaguchi et al. 2007; Dekkers et al. 2017). Aglycosyl IgG exhibits impaired 
complement activation because of a reduced affinity for C1q. Similarly, IgG-Fc 
deglycosylation results in a loss of affinity for FcγRs. The primary binding sites of 
these effector molecules are provided by the pair of CH2 domains, which surround 
the N-glycans and exhibit higher motion amplitude than the CH3 domains, as indi-
cated by molecular dynamics (MD) simulation (Frank et  al. 2014). The crystal 
structures of human IgG1-Fc, which contain a series of truncated glycoforms, have 
indicated that glycan trimming affects the overall quaternary structure of Fc via a 
conformational alteration of the CH2–CH3 interdomain angles (Fig. 11.2A) (Krapp 
et al. 2003), which correspond to the maximum CH2–CH2 distance in the digalacto-
syl glycoform and the minimum CH2–CH2 distance in a truncated glycoform, with a 
single mannose residue. However, a crystal structure of deglycosyl IgG1-Fc (3dkn) 
has been determined, and this structure exhibits an open conformation compared 
with the fully glycosylated IgG1-Fc (3ave) (Fig. 11.2B) (Matsumiya et al. 2007; 
Kiyoshi et al. 2017). Small-angle X-ray scattering and single-molecule Förster reso-
nance energy transfer data have also shown that deglycosylated Fc exhibits an open-
form structure in terms of CH2–CH2 distance compared with the closed conformation 
presented by glycosylated Fc (Borrok et  al. 2012; Ju et  al. 2015). In the hinge-
proximal CH2 domains, deglycosylation-coupled conformational alterations have 
been identified by stable isotope-assisted NMR methods (vide infra) (Yamaguchi 
et al. 2006). Considering that CH2 domains provide C1q and FcγRs bindings sites, 
the deglycosylation-coupled dislocation of the CH2 domains explains the affinity 
reduction for those effector molecules (Leatherbarrow et al. 1985; Tao and Morrison 
1989; Jung et al. 2010; Ju et al. 2015).Therefore, the N-glycans of Fc contribute to 
the structural integrity of the functional sites of IgG.

The interaction between IgE and its high-affinity Fc receptor, namely, FcεRI, 
also requires the N-glycans at Asn 394 of IgE-Fc (corresponding to Asn297 of IgG) 
(Nettleton and Kochan 1995; Plomp et al. 2014). This suggests the conserved role 
of N-glycans in maintaining the structural integrity of the receptor-binding sites 
despite the high-mannose type of the N-glycans at this IgE site (Plomp et al. 2014). 
In chicken IgG (often called IgY), the major glycan displayed at the conserved 
N-glycosylation site is a monoglucosyl high-mannose-type oligosaccharide irre-
spective of the production vehicles (Suzuki and Lee 2004; Kondo et  al. 2012). 
Although the mechanisms behind the formation of such specific glycoform remain 
largely unknown, some structural properties of glycoproteins are thought to com-
prise critical determining factors. Recently, aglycosyl IgG-Fc mutants exhibiting 
higher binding affinity for FcγRIIIa have been developed by high-throughput 
screening, and these mutants might exhibit a CH2–CH2 close conformer (Jo et al. 
2018).
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11.4  �NMR Characterization of Glycoform-Dependent IgG 
Structures

NMR offers a sensitive tool for characterizing the structure of IgG-Fc with various 
glycoforms under varying pH and temperature conditions. Stable isotope-assisted 
observation is required for the detailed NMR analyses of proteins in a solution, and 
it can be obtained by the labeling of target proteins with 13C and 15N. Typically, this 
is achieved by using Escherichia coli and cell-free expression systems (Ikeya et al. 

Fig. 11.2  Effects of the N-glycan truncation on IgG1-Fc crystal structure. (A) Superposition of 
the four crystal structures of IgG1-Fc fragments with different glycoforms (G2, 1h3v, yellow; 
GN2, 1h3x, green; M3, 1h3u, cyan; M1, 1h3t, magenta). The enzymatic trimming giving rise to the 
truncated Fc glycoforms used in the crystal graphic study is shown at the bottom. (B) Superposition 
of the crystal structures of glycosylated (3ave, blue) and nonglycosylated (3dkn, gray) IgG1-Fc 
fragments
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2018). However, bacterial expression systems cannot produce proteins with func-
tional glycosylation. This limitation has been overcome by a recently developed 
methodology consisting of the metabolic isotope labeling of glycoproteins by using 
mammalian cells (Kato et al. 2010, 2018). This method has enabled the preparation 
of uniformly 13C/15N-labeled mouse IgG2b and recombinant mouse/human chime-
ric IgG1 glycoproteins by cell cultivation in synthetic media containing a mixture of 
15N/13C-labeled algal amino acids supplemented with isotope-labeled metabolic 
precursors.

The assignments of NMR signals originating from the backbone of human IgG1 
Fc fragment with a molecular mass of 53 kDa have been almost completely accom-
plished (Fig. 11.3A) (Yagi et al. 2015c), thus providing useful probes for the site-
specific detection of structural disturbances by molecular interactions, amino acid 
substitutions, and glycan modification. Intriguingly, a cluster of amino acid residues 
(Gln295–Thr299) near the Asn297-linked N-glycan exhibits significant differences 
in terms of chemical shift compared with the nonglycosylated Fc protein produced 
by E. coli (Liu et al. 2007). This reflects the conformational alteration of the CH2 
domains resulting from an impaired effector function of IgG (vide supra). By using 
NMR peaks as spectroscopic probes, the conformational disturbances of the sys-
tematic N-glycan truncation were mapped on the IgG-Fc structure (Yamaguchi 
et al. 2006; Kato et al. 2010).

Furthermore, NMR spectroscopy can be used to validate the structural integrity 
of therapeutic antibodies produced by heterologous vehicles (Loos and Steinkellner 
2012; Yagi et al. 2015a, b). The 1H-15N HSQC spectra of the Fc fragment of human 
IgG1 expressed by tobacco and silkworm as production vehicles are shown in 
Fig. 11.3B and D. The preparation of stable isotope-labeled antibodies produced by 
tobacco plants was performed by culturing the plants for 1.5 months with the isoto-
pically labeled Murashige and Skoog medium containing potassium nitrate 
(K15NO3) and ammonium nitrate (15NH4

15NO3) as nitrogen sources. The production 
of stable isotope-labeled antibodies using silkworms was performed by rearing lar-
vae infected with baculovirus by using an artificial diet containing yeast-derived 
15N-labeled protein and then harvesting the labeled antibodies from the body fluids. 
The antibody’s expression efficiency was enhanced by the coexpression of molecu-
lar chaperones. By comparing the NMR spectrum of human IgG1-Fc produced by 
CHO cells with those produced by tobacco and silkworms, chemical shift differ-
ences were observed for the peaks originating from the amino acid residues in the 
spatial vicinity of the sugar chains (Fig. 11.3C and E). Unlike CHO cell-expressed 
IgG-Fc, the plant-derived IgG1-Fc exhibits α1,3-linked fucose and β1,2-linked 
xylose residues on the Man3GlcNAc2 core, whereas the insect cell-derived IgG-Fc 
expresses paucimannose-type glycans as the major components. Therefore, the 
observed spectral differences could be attributed to the microenvironmental changes 
caused by the distinct glycosylation profiles.

A stable isotope-assisted NMR approach is useful for selectively observing spe-
cific component(s) in an interaction system. Therefore, the NMR technique has 
been used to detect the semispecific interactions of IgG with serum proteins, includ-
ing polyclonal IgG (Yanaka et al. 2017, 2018).

11  Structure and Dynamics of Immunoglobulin G Glycoproteins



226

Fig. 11.3  1H-15N HSQC spectra of isotope-labeled IgG1-Fc obtained from (A) CHO cells, (B) 
transgenic tobacco plants, and (D) silkworms. In B and D, the NMR spectrum of IgG-Fc glycopro-
tein expressed by tobacco or silkworm (red) was superposed on that of the Fc derived from CHO 
cells (black). In C and E, mapping on the crystal structure of human IgG1-Fc (PDB code: 3ave) of 
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11.5  �Functional Roles of the N-Glycans of Fc Receptors 
in Their Interactions with IgG

FcγRs possess an extracellular region composed of Ig-like domains and can be cat-
egorized into three classes: FcγRI, FcγRII, and FcγRIII. The three classes are dif-
ferentially expressed by various immune cells with different binding affinities for 
each IgG subclass (Hayes et al. 2014, 2016). In humans, each FcγR class shows 
structural variations resulting from multigenes, alternative splicing, and genetic 
polymorphisms (Fridman et  al. 1993). Although FcγRIIb acts as an inhibitory 
receptor, FcγRI, FcγRIIa, FcγRIIIa, and FcγRIIIb act as activating receptors and 
induce effector activities on innate effector cells, such as macrophages and natural 
killer (NK) cells. Neonatal Fc receptor (FcRn) is another class of Fc receptor, which 
assumes an MHC-like structure and is expressed by the epithelial cells of the human 
mammary gland and regulates the serum half-life of IgGs (Kacskovics et al. 2006). 
All these receptor molecules are also N-glycosylated, and their interactions with 
IgG-Fc are influenced by the N-glycosylations of either or both glycoproteins 
(Hayes et al. 2014, 2016).

FcγRIII possess four to six N-glycosylation sites depending on the isoforms and 
genetic polymorphisms. The functional roles of individual N-glycans have been 
investigated using the soluble form of FcγRIIIa (sFcγRIIIa) produced in HEK293T 
and CHO cells (Shibata-Koyama et al. 2009; Zeck et al. 2011). The results indicate 
that Asn45 and Asn162 display a biantennary complex-type glycans with partial 
sialylation, which, respectively, negatively and positively affect the affinity for 
human IgG1. However, an earlier study indicated that the endogenous FcγRIII 
exhibits cell-type-specific glycoforms judging from its distinct lectin-binding prop-
erties (Edberg and Kimberly 1997). A recently reported glycosylation profile of the 
endogenous FcγRIIIa on NK cells has shown to express a large proportion of hybrid 
and oligomannose N-glycans (45%), in contrast to those of recombinant FcγRIIIa 
(Patel et  al. 2018). Furthermore, the site-specific N-glycosylation profiling of 
sFcγRIIIb isolated from human serum has indicated that among the six 
N-glycosylation sites, Asn45 was exclusively occupied by high-mannose-type oli-
gosaccharides; the remaining sites were modified by the sialyl complex-type oligo-
saccharides with fucosylation (Yagi et  al. 2018). In this receptor, the major 
glycoforms at Asn162 are partially sialylated tri-antennary glycans. These results 
suggest differences in the functional N-glycosylation between endogenous and 
recombinant FcγRIII glycoproteins.

Fig. 11.3 (continued) the observed chemical shift changes between the IgG-Fc produced by CHO 
cells and those of (D) transgenic tobacco plants or (E) silkworms. The amino acid residues with 
observable chemical shift changes ((0.2δN

2+δH
2)1/2 > 0.1 ppm and >0.2 ppm) are colored in pink 

and red. The molecular graphics were generated with PyMOL. In A, the backbone assignments are 
annotated by the resonance peaks with one-letter amino acid codes and sequence numbers. Side-
chain resonances corresponding to NH2 amides are connected by horizontal lines. Adapted and 
modified from the references (Yagi et al. 2015a, b, c)
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The functional significance of the FcγRIIIa glycans as well as the IgG1-Fc gly-
cans has been highlighted in the context of antibody-dependent cell-mediated cyto-
toxicity (ADCC), which depends on the glycoforms of these glycoproteins (Shields 
et al. 2002; Shinkawa et al. 2003; Niwa et al. 2004; Yamaguchi et al. 2006; Kato 
et al. 2010; Mizushima et al. 2011; Ferrara et al. 2011; Dekkers et al. 2017; Bernado 
et al. 2018). IgG1 having the Fc N-glycans without core fucosylation exhibits higher 
affinity for FcγRIIIa on NK cells, thus evoking a dramatically improved ADCC. Such 
defucosylation-dependent enhancement of IgG1-FcγRIIIa interaction was not 
observed for nonglycosylated FcγRIIIa (Shibata-Koyama et al. 2009), thus indicat-
ing a significant involvement of the receptor N-glycosylation in this potentiation. 
Furthermore, site-specific analysis revealed that the Asn162 glycan of FcγRIIIa is 
the key behind the ADCC improvement observed on the IgG1-Fc defucosylation 
(Ferrara et al. 2006; Shibata-Koyama et al. 2009).

The structural impact of IgG1-Fc defucosylation on its interaction with FcγRIIIa 
has been delineated on the basis of a multilateral biophysical approach. The X-ray 
crystallographic analyses of human IgG1-Fc in complex with sFcγRIIIa having two 
N-glycans at Asn45 and Asn162 provide the structural basis for the functional roles 
of these two glycans (Mizushima et al. 2011; Ferrara et al. 2011). In the complex 
made with nonfucosyl Fc, the Asn162 glycan of sFcγRIIIa is involved in the inter-
molecular interaction, providing unambiguous electron density for nine sugar resi-
dues (Fig. 11.4A and C). This interaction is mediated by van der Waals contacts and 
by hydrogen bonds between an Fc N-glycan and the Asn162 glycan, thus suggesting 
that the carbohydrate–carbohydrate interactions reinforce the protein–protein inter-
actions in the complex. By contrast, the crystal structure of the complex formed by 
fucosylated IgG1-Fc presents the electron density of the Asn162 glycan only on the 
two residues of the reducing terminal (i.e., Fucα1-6GlcNAc) (Sakae et al. 2017). 
MD simulation confirmed that the Asn162 glycan of sFcγRIIIa exhibits a higher 
degree of conformational fluctuations in the complex formed with the fucosyl Fc in 
comparison with the nonfucosyl Fc complex (Sakae et al. 2017). All of these data 
indicate that the core fucosylation of the Fc glycan disrupts the optimum intermo-
lecular carbohydrate–carbohydrate interactions, thus rendering the Asn162 glycan 
more mobile (Fig. 11.4B and D). Additionally, crystallographic data suggest that the 
Asn45 glycan of sFcγRIIIa cause steric hindrance against Fc, thereby negatively 
affecting IgG-binding affinity.

The possible involvement of an Fc receptor glycan in IgG interaction has been 
suggested by the early crystal structure of rat FcRn ectodomain in complex with the 

Fig. 11.4 (continued) are blue and pink, respectively; sFcγRIIIa is yellow. Carbohydrates are rep-
resented as spheres. Fucose residue is colored in red. (C and D) Schematic representation of the 
carbohydrate–carbohydrate interactions of sFcγRIIIa complexed with (C) nonfucosylated and (D) 
fucosylated Fc. Principal component analysis of the simulation trajectory of the complexes 
between sFcγRIIIa and (E) nonfucosylated or (F) fucosylated IgG-Fc. Free energy landscape 
along the first two principal components estimated from the trajectory of both complexes at 
300 K. The Asn162 glycan on sFcγRIIIa in the crystal structure (purple) is superimposed onto the 
representative simulated structure (yellow) derived from the major conformational state in the 
simulation trajectory. Adapted and modified from the references (Mizushima et al. 2011; Sakae 
et al. 2017)
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Fig. 11.4  Structure of (A) nonfucosylated and (B) fucosylated Fc complexed with bis-glycosylated 
soluble form of Fcγ receptor IIIa (sFcγRIIIa). Overall view of the complex. Chains A and B of Fc 

11  Structure and Dynamics of Immunoglobulin G Glycoproteins



230

Fc fragment of rat IgG2a (Burmeister et  al. 1994). In this crystal structure, the 
Asn128 glycan of FcRn contributes 10%–15% of the total buried surface area at the 
interaction interface. In fact, the interaction stoichiometry between mouse Fc and 
FcRn depends on the glycosylation of mouse FcRn (Schuck et al. 1999).

Crystallographic data have also shown that the Asn162 glycan of sFcγRIIIa 
interacts with the Tyr296 of Fc, which is proximal to the glycosylation site (i.e., 
Asn297) (Mizushima et al. 2011). Mutational studies have underscored the func-
tional importance of this tyrosine residue in FcγRIIIa binding (Isoda et al. 2015). In 
the free form of Fc in solution, this tyrosine residue is involved in the intramolecular 
interaction with the core fucose residue, as revealed by the nuclear Overhauser 
effect (NOE) experiment (Fig. 11.5A) (Kato et al. 2018). HSQC spectral compari-
son between fucosylated and nonfucosylated glycoforms of human IgG1-Fc has 
shown the significant line broadening of the Tyr296 peak (Fig. 11.5B) (Matsumiya 
et al. 2007), thus suggesting that Tyr296 exhibits conformational multiplicity in the 
absence of the core fucose residue. These data have implied that the core fucose 
residue of the Fc glycan comes into contact with Tyr296, thereby restricting the 
motional freedom of Tyr296 and hindering the involvement of Tyr296 in the inter-
molecular interaction with the receptor.

Fig. 11.5  (A) Parts of the 2D HSQC-NOESY spectrum of 13C-labeled human IgG1-Fc exhibiting 
intramolecular NOE connectivities between Tyr296 and the core fucose residue. (B) 1H-15N HSQC 
spectral comparison between the fucosylated (red) and Fuc nonfucosylated (black) glycoforms of 
15N-Tyr-labeled human IgG1-Fc. Tyr296 of the nonfucosylated Fc exhibits a significant broaden-
ing of the HSQC peak. Adapted from the reference with permission (Matsumiya et al. 2007; Kato 
et al. 2018)
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The sialylation of the Fc N-glycans influences the biological functions of 
IgG. Although α2,3 sialylation compromises ADCC activity (Scallon et al. 2007), 
α2,6 sialylation promotes anti-inflammatory activity (Kaneko et al. 2006). The α2,3 
sialylation disturbs the functional CH2 arrangement and interferes with FcγRIII 
binding (Crispin et  al. 2013). The mechanism underlying the α2,6 sialylation-
dependent anti-inflammatory activity remains to be fully understood. However, it 
has been suggested that the potential ability of the sialyl IgG to interact with C-type 
lectins (DC-SIGN and SIGN-RI) may be involved, thus resulting in the increased 
expression level of the inhibitory receptor FcγRIIb (Anthony et al. 2011).

11.6  �Concluding Remarks

Glycosylation is currently considered a crucial factor in improving the efficacy of 
biopharmaceutical glycoproteins, including therapeutic antibodies. This article has 
highlighted the functional significance of the N-glycosylation of IgG-Fc and that of 
Fcγ receptors. In this system, N-glycans play versatile roles by positively and nega-
tively controlling the intermolecular interactions between those glycoproteins. First, 
glycans are directly involved in the interaction, thereby enhancing their affinity or 
weakening their affinity by steric hindrance. This interaction can be finely tuned 
depending on their glycoforms, as best exemplified by the core fucosylation of 
IgG1-Fc interacting with FcγRIII.

The glycosylation also contributes to the formation of the protein’s functionally 
active conformations. The N-glycosylation of IgG-Fc is a prerequisite for maintain-
ing the integrity of the quaternary structure of the sites interacting with the effector 
molecules. Glycosylation can also determine the local conformations of functional 
relevance for IgG-Fc, as exemplified by the motional restriction of Tyr296 by the 
core fucose residue.

Structural insights into the mechanisms of these glycofunctions have been pro-
vided by integrating multilateral biophysics approaches including X-ray crystallog-
raphy, NMR spectroscopy, and MD simulation. Given the potential to improve the 
efficacy of glycoprotein drugs, the structural optimization of their glycoforms will 
become more important in the design and development of biopharmaceuticals. 
Glycobiophysics approaches comprise valuable tools for the detailed characteriza-
tion of glycan functions toward tailored creation of optimum glycoforms for spe-
cific pharmaceutical contexts.
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Chapter 12
Biophysical Approaches to Solve 
the Structures of the Complex Glycan 
Shield of Chloroviruses

Cristina De Castro, Garry A. Duncan, Domenico Garozzo, Antonio Molinaro, 
Luisa Sturiale, Michela Tonetti, and James L. Van Etten

Abstract  The capsid of Paramecium bursaria chlorella virus (PBCV-1) contains a 
heavily glycosylated major capsid protein, Vp54. The capsid protein contains four 
glycans, each N-linked to Asn. The glycan structures are unusual in many aspects: 
(1) they are attached by a β-glucose linkage, which is rare in nature; (2) they are 
highly branched and consist of 8–10 neutral monosaccharides; (3) all four glyco-
forms contain a dimethylated rhamnose as the capping residue of the main chain, a 
hyper-branched fucose residue and two rhamnose residues ''with opposite absolute 
configurations; (4) the four glycoforms differ by the nonstoichiometric presence of 
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two monosaccharides, l-arabinose and d-mannose; (5) the N-glycans from all of the 
chloroviruses have a strictly conserved core structure; and (6) these glycans do not 
resemble any structures previously reported in the three domains of life.

The structures of these N-glycoforms remained elusive for years because initial 
attempts to solve their structures used tools developed for eukaryotic-like systems, 
which we now know are not suitable for this noncanonical glycosylation pattern. 
This chapter summarizes the methods used to solve the chlorovirus complex glycan 
structures with the hope that these methodologies can be used by scientists facing 
similar problems.

Keywords  Giant viruses · GC-MS · NMR · MALDI · N-glycosylation

Abbreviation List

AA	 acetylated alditol
AMG	 acetylated methyl glycosides
AOG	 acetylated octyl glycoside
COSY	 correlation spectroscopy
GC-MS	 gas chromatography-mass spectrometry
HMBC	 heteronuclear multiple bond coherence
HSQC	 heteronuclear single quantum coherence
NOESY	 nuclear Overhauser effect spectroscopy
PBCV-1	 Paramecium bursaria chlorella virus type 1
PMAA	 partially methylated and acetylated alditol
ROESY	 rotating frame Overhauser effect spectroscopy
TOCSY	 total correlation spectroscopy

12.1  �Introduction

In considering enzymes involved in manipulating carbohydrates, one usually does 
not think about viruses playing a role in this important activity; however, exceptions 
to this common belief are beginning to emerge from viruses often referred to as 
giant viruses. Giant viruses are a rapidly expanding group of viruses (their taxon-
omy is still being resolved) characterized by a large particle size and very large 
dsDNA genomes (typically from >300 kb to ~2.5 Mb) that encode many proteins 
involved in functions not normally found in typical viruses such as HIV or Ebola 
(Colson et al. 2013).

Paramecium bursaria chlorella virus 1 (PBCV-1, genus, Chlorovirus), the first 
member of the giant virus group, was discovered more than 35 years ago (Van Etten 
et al. 1982). PBCV-1 is an icosahedron with a diameter of 190 nm, and it has an 
~331 kb genome that encodes ~416 proteins and 11 tRNAs (Dunigan et al. 2012). 
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The virus infects the unicellular, eukaryotic, and symbiotic microalga Chlorella 
variabilis NC64A (Fig. 12.1a). Since then many new giant viruses have been dis-
covered, with a burst of activity in the last 15 years (Abergel et al. 2015).

For example, Mimivirus was first described in 2004 (Raoult et  al. 2004, 
Fig. 12.1b). It is more complex than PBCV-1 in terms of physical and genome size. 
The capsid has an overall size of 700 nm in diameter and a genome of 1.18 Mb, with 
~1000 protein-encoding genes, and its capsid is covered with a thick layer of long 
fibers (~200 nm). Recently, even larger viruses have been isolated. Pandoraviruses 
(Fig. 12.1c) have a size reaching 1 μm with a shape reminiscent of some types of 
bacteria (Philippe et  al. 2013). The Pandoravirus salinus genome is 2.5 Mb and 
contains 2,556 putative protein-encoding genes, of which only 7% have recogniz-
able relationships with genes from other known organisms. Pithovirus sibericus 
was isolated from a 30,000-year-old permafrost sample harvested from Siberia 
(Legendre et al. 2014). This virus is most closely related to Marseilleviridae, another 
group of giant viruses. Its maximum size can reach 1.5 μm, and it has an oval shape 
similar to Pandoraviruses; however, its genome only has ~467 protein-encoding 
genes.

Thus, giant viruses differ in shape, genome size and number of encoded proteins. 
New members are continually being discovered, and on-going genomic analyses 
indicate that some of them encode many glyco-related genes, including those for the 
biosynthesis of nucleotide-sugar precursors and glycosyltransferases. However, 
information on the role of these genes and on the structure of the glycans associated 
with them are still fragmentary. Furthermore, such viral glycans have been over-
looked because of the lack of the appropriate tools to investigate them.

Currently, the most studied genus is Chloroviruses; accordingly, this chapter 
focuses on PBCV-1 as a representative chlorovirus member. We provide a brief 
description of its features and then describe the methods that allowed us to deter-
mine its new and unusual glycan structure.

Fig. 12.1  Electron microscopy of (a) PBCV-1. (Adapted from Zhang et al. 2011). (b) Mimivirus. 
(Adapted from Ameobal Pathogen Mimivirus Infects Macrophages through Phagocytosis, Ghigo 
E et  al. PLOS Pathogens 2008, 4(6): e1000087, doi: 10.1371/journal.ppat.1000087), (c) 
Pandoravirus. (Adapted by permission from Macmillan Publishers Ltd: Nature, Ed Young, Giant 
Viruses open Pandora’s box, doi: 10.1038/nature.2013.13410, copyright 2013)
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12.2  �Chloroviruses and Paramecium bursaria Chlorella Virus 
(PBCV-1)

The plaque-forming chloroviruses (family Phycodnaviridae) are ubiquitous in 
freshwater throughout the world with titers occasionally reaching thousands of 
plague-forming units (PFU) per ml of indigenous water. Chlorovirus hosts are uni-
cellular microalgae, often referred to as zoochlorellae and mostly found in nature as 
endosymbionts of protists (Karakashian and Karakashian 1965).

Chloroviruses are divided in four groups depending on the host selectivity, and 
the genomes of 43 chloroviruses have been sequenced, assembled and annotated 
(Jeanniard et al. 2013; Quispe et al. 2017). Collectively, the viruses encode genes 
from 643 predicted protein families, and at least 17 of them are predicted to be 
involved in manipulating carbohydrates including (1) enzymes involved in making 
extracellular polysaccharides such as hyaluronan and chitin; (2) enzymes that make 
nucleotide sugars such as GDP-l-fucose and GDP-d-rhamnose; and (3) enzymes 
involved in the synthesis of glycans attached to the virus major capsid proteins (Van 
Etten et al. 2010, 2017).

The capsid of the prototype chlorovirus PBCV-1 is an icosahedron with a spike-
like structure at one vertex, which makes the first contact with the wall of the host 
cell (Zhang et al. 2011; Van Etten and Dunigan 2012), and a few external fibers that 
extend from some of the viral capsomeres (Cherrier et al. 2009). The PBCV-1 major 
capsid protein (named Vp54) is a glycoprotein, and the glycosylation pattern of this 
protein, which is the subject of this manuscript, differs from that of all other organ-
isms known to date.

Typically, viruses, such as HIV or Ebola, use host-encoded glycosyltransferases 
and glycosidases located in the endoplasmic reticulum (ER) and Golgi apparatus to 
add and remove N-linked sugar residues from virus glycoproteins (Vigerust and 
Shepherd 2007). Consequently, the glycan portion of the glycoproteins of these 
viruses is host-specific and resembles that of the host.

However, glycosylation of the PBCV-1 major capsid protein differs from the 
scenario described above because the virus encodes most, if not all, of the machin-
ery for the process (Van Etten et al. 2010, 2017). Solving the structure of the four 
Vp54 N-linked glycans (De Castro et al. 2013) proved the uniqueness of PBCV-1 
glycosylation: (1) Vp54 has four Asn-linked glycans, and none of the Asn are 
located in an Asn-X-(Thr/Ser) sequon characteristic of ER-located glycosyltransfer-
ases (Nandhagopal et al. 2002; De Castro et al. 2018); (2) the glycans are attached 
to Asn by a β-glucose linkage, which is rare in nature; (3) the glycans are highly 
branched and consist of eight to ten neutral monosaccharides (Fig. 12.2); (4) the 
four glycoforms contain a dimethylated rhamnose as the capping residue of the 
main chain, a hyper-branched fucose residue, and two rhamnose residues with 
opposite absolute configurations; (5) the four glycoforms differ by the nonstoichio-
metric presence of two monosaccharides, l-arabinose and d-mannose; and (6) there 
is a core region (Fig. 12.2) strictly conserved in the N-glycans of all the chlorovi-
ruses studied to date (De Castro et al. 2016; Quispe et al. 2017; Speciale et al. 2017). 
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The glycan structures do not resemble any structure previously reported in the three 
domains of life.

Solving the structure of the Vp54 glycans was a challenging issue that was 
accomplished by a combination of gas chromatography-mass spectrometry (GC-
MS), NMR spectroscopy, and MALDI spectrometry techniques as described in the 
following sections.

12.3  �GC-MS Approach

GC-MS is a powerful technique. Its detection limit is very low, but it has one pre-
requisite: the glycan (or the glycoprotein) needs to be depolymerized and trans-
formed into a proper volatile derivative. Depending on the type of derivative, 
GC-MS helps to elucidate the monosaccharides, their absolute configuration and 
substitution pattern. This information is of paramount importance because it sup-
ports the interpretation of NMR or MALDI spectra.

12.3.1  �Determination of the Glycan Composition

To detect the type of sugars, monosaccharides are transformed into the correspond-
ing acetylated alditols (AA) or acetylated methyl glycosides (AMG), depending on 
the type of depolymerization procedure used, hydrolysis or methanolysis, respec-
tively. Both procedures can be applied directly to the glycoprotein with no signifi-
cant interference from the amino acids, and they are complementary in terms of 
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Fig. 12.2  Structures of glycoforms of the major capsid protein Vp54 from chlorovirus PBCV-1. 
Residues are labeled with the letter used during the NMR assignment (Fig. 12.5). Glycoform 1 
lacks residue D and the two l-rhamnose units are labeled C and I. Glycoform 2 has the arabinose 
residue D, and the two l-rhamnose residues are labeled B and L. (Adapted from Van Etten et al. 
2017). Residues within the box are conserved among all chloroviruses; rhamnose F is a semicon-
served element because its absolute configuration is virus-dependent. Additional decorations occur 
on this core N-glycan and represent a molecular signature for each chlorovirus
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disadvantages and advantages. The AA procedure is limited to neutral or basic 
monosaccharides, either aldose or ketose, but it cannot detect acidic monosaccha-
rides unless the reduction of the carboxylic group is performed first. The advantage 
of this approach is that aldoses are transformed into an acyclic molecule, which 
gives only one peak in the chromatogram, a feature that is desirable for accurate 
quantification; in addition, if a monosaccharide is partially methylated, the position 
of the substituent is easily inferred by applying the fragmentation rules that exist for 
the partially methylated and acetylated alditol derivatives. The main disadvantage is 
that enantiomeric monosaccharides, such as l- and d-rhamnose, cannot be distin-
guished, while in some cases, such as arabinose and lyxose, the two alditols are 
identical once the aldehydic function is reduced. In addition, ketoses produce two 
different alditols upon the reduction of their carbonyl function.

To solve some of the pitfalls of the AA procedure, it is good practice to combine 
the results with those from other types of derivatives; acetylated methylglycoside is 
the best alternative. This procedure (De Castro et al. 2010) is less laborious than AA 
and detects neutral, basic, and acidic monosaccharides but fails with neutral keto-
ses, which are not detected. Solvolysis of the glycoprotein or of the glycopeptides 
with hydrochloric methanol depolymerizes the glycan and transforms the residues 
in the corresponding methylglycosides, which are later acetylated. The main differ-
ence with the AA method is that the AMG approach produces cyclic sugar deriva-
tives, either in pyranose or furanose form and with both configurations at the 
anomeric center; in other words, one monosaccharide can present up to four peaks 
in the chromatogram, with one usually more abundant than the others. Detection of 
the monosaccharide as cyclic derivatives removes the problem related to the pro-
duction of identical derivatives, as mentioned earlier for the alditols of arabinose 
and lyxose.

Both AA and AMG approaches were performed on PBCV-1 glycopeptides. The 
AA profiles (Fig. 12.3a) contained eight monosaccharides in different proportions, 
of which only seven could be assigned with confidence by comparing their electron-
impact (EI) MS spectrum and their retention times with that of authentic standards. 
The species that eluted at 12 min had an EI-MS spectrum (Fig. 12.3b) interpreted on 
the basis of the rules valid for partially methylated and acetylated alditols (Lönngren 
and Svensson 1974). In brief, the EI-MS spectrum contains cations that originate 
from the rupture of the carbon-carbon linkage of the molecule (Fig.  12.3b). 
Importantly, the carbon bearing the methoxyl, rather than an acetyl group, retains a 
positive charge and is revealed. Therefore, the ions displayed in the EI-MS spec-
trum result from the position of the methyl group(s) of the alditol, and the spectrum 
of species at 12 min was consistent with a derivative of a 6-deoxyhexose methylated 
at both 2 and 3 positions (Fig. 12.3b). The manno-stereochemistry of the residue 
was inferred later on the basis of the PMAA derivatives and NMR studies.

The GC-MS chromatogram of the acetylated methylglycosides (Fig. 12.3c) pro-
vided information similar to that from the acetylated alditols procedure; it con-
firmed the identity of arabinose as distinguished from all the other residues. Notably, 
direct methanolysis of the glycopeptide did not cleave the linkage of the N-linked 
glucose, which can be accomplished by adding a hydrolytic step prior to methanoly-
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Fig. 12.3  GC-MS chromatograms from PBCV-1 glycopeptide Vp54, each analysis was per-
formed by derivatizing 0.2–0.3 mg of sample. (a) Profile of the acetylated alditol derivatives. (b) 
EI-MS spectrum of the species at 12 min. of chromatogram 3A, together with the structure of the 
alditol and of the fragmentation pathway. (c) Profile of the acetylated methylglycosides, (d) of the 
PMAA, and (e) expansion of the chromatogram of the partially methylated and acetylated octyl 
glycosides reporting the different rhamnose species. (f) Chromatogram of the standard of the par-
tially methylated and acetylated octyl glycosides of rhamnose 2-, 3-, and 2,3-linked. (g and h) 
EI-MS spectra of the peaks at 16.3 and 18.0 min. of panel (f), representing the derivatives of 2- and 
3-linked octyl rhamnosides, respectively. (Fig. 12.3f–h is adapted from De Castro et al. (2013))
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sis. Thus, by comparing results from these two derivatization procedures, it was 
possible to deduce which was the first monosaccharide N-linked to the protein, 
information that is not trivial in a system with unusual N-linked glycans.

12.3.2  �Determination of the Glycan Substitution Pattern

Evaluation of the substitution pattern of the residues in a polysaccharide is also 
called linkage analysis (De Castro et al. 2010). The key step is the transformation of 
the glycan into its methylated derivative (Fig.  12.4a); during this procedure the 
available free hydroxyl functions are converted into methyl ethers, N-acyl amino 
sugars are N-methylated, and uronic acids are esterified. At this stage, if a uronic 
acid is present, the methyl ester function is reduced; otherwise the residue is lost 
during successive steps. Next, the hydrolysis step (Fig. 12.4b) cleaves all the glyco-
sidic linkages and releases the partially methylated monosaccharides; the free 
hydroxyl groups that now appear are those originally involved in the glycosidic 
linkages. Successively, the monosaccharide is transformed into an alditol by reduc-
tion with a hydride, usually NaBD4, to label the anomeric carbon; finally, acetyla-
tion yields the so-called partially methylated and acetylated alditols (PMAA, 
Fig. 12.4c).
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Fig. 12.4  Reaction scheme for the production of the partially methylated and acetylated alditol 
(PMAA) derivative of a 3-linked rhamnose. (a) Methylation of the native glycan: the free hydroxyl 
groups are transformed in methyl ethers. (b) The methylated glycan is hydrolyzed to give a mono-
saccharide partially methylated. (c) Carbon 1 is labeled by reduction with a deuterated hydride and 
acetylated to produce the final partially methylated and acetylated derivative (PMAA), reported 
with its fragmentation scheme. Acetyl groups at carbons 1 and 5 indicate the ring closure of the 
monosaccharide; acetyl group at position 3 indicates a previously linked position of the residue. 
(d) Partially methylated and acetylated octyl rhamnoside obtained after methylation, hydrolysis, 
and octanolysis of the glycopeptide. The acetyl group is indicative of a previously linked position 
of the residue as in the PMAA in Fig. 12.4c
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This approach was applied to the glycopeptides of PBCV-1, omitting the reduc-
tion of the methyl ester function because no uronic acid was detected in the compo-
sitional analysis.

The GC-MS chromatogram presented a large array of peaks (Fig. 12.3d), and the 
interpretation of their EI-MS spectra (Table 12.1), by the rules mentioned in Sect. 
12.3.1, identified the type of monosaccharide (pentose, hexose, or deoxyhexose) 
present along with their substitution pattern. Finally, determination of the stereo-
chemistry of each species was accomplished by injecting the PMAA standards 
available in the laboratory collection.

Using these procedures, 11 different PMAAs were found (Fig. 12.3d), indicating 
a very complex glycan. Notably, rhamnose existed in four different forms (terminal, 
2-linked, 3-linked and 2,3-linked), xylose in two forms (terminal and 4-linked), 
while fucose, arabinose and the three hexoses only formed one PMAA derivative.

These results established the nature of the 2,3-diOMe-6-deoxyhexose found in 
the acetylated alditol analysis (Sect. 12.3.1). Depending on its location in the glyco-
peptide, the methylation protocol could transform this residue into two different 
PMAAs, a 4-linked deoxyhexose if substituted at the only available position, or into 
a fully methylated derivative if it is located in a terminal position. Accordingly, the 
only PMAA derivative compatible with one of the two options was a terminal rham-
nose unit.

Table 12.1  Linkage analysis of PBCV-1 glycopeptide. Unless indicated otherwise, each PMAA 
derivative denotes a residue in the pyranose form and the number, the alditol stereochemistry is 
indicated with the acronym of the corresponding monosaccharide, and the number indicates the 
position substituted, while “t” means that the monosaccharide is terminal

Component Retention time (min.) Diagnostic ionsa

t-Araf 9.30 101a, 102a, 118, 129a, 161, 162
t-Xyl 10.32 101a, 102a, 118, 161, 162
t-Rha 10.32 89a, 102a, 118, 131, 162, 175
2-Rha 12.95 89a, 130a, 131, 190
4-Xyl 13.08 102a, 118, 129a, 162, 189
3-Rha 13.37 89a, 118, 131, 202a, 234
t-Man 14.28 102a, 118, 129a, 145a, 161, 162, 205
t-Gal 14.88 102a, 118, 129a, 145a, 161, 162, 205
2,3-Rha 15.57 89a, 131, 202a, 262
2,3,4-Fuc 17.22 87, 129a, 146, 159, 171a, 218, 231, 290
3,4-Glc 19.48 118, 185a, 305

Ions generated from the primary fragments by loss of a neutral molecule: acetic acid (m/z 60), and/
or acetic anhydride (m/z 102), and/or methanol (m/z 32)
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12.3.3  �Determination of the Monosaccharide Absolute 
Configuration

The acetylated methyl glycosides of enantiomeric sugars, as d- and l-rhamnose, are 
equivalent during GC-MS analysis, because the GC column used can separate dia-
stereoisomers but not enantiomers. The identification of the absolute configuration 
is therefore possible by replacing the methanol with a chiral alcohol, usually 
2-octanol, to prepare the acetylated glycoside (acetylated octyl glycoside, AOG). 
The advantage of this approach over the traditional one is that the isolation of mg 
amounts of the target monosaccharide to determine its chirality with the polarimeter 
is not necessary. In addition, the AOG method enables the contemporaneous deter-
mination of the stereochemistry of a mixture of monosaccharides, if the appropriate 
standards are available.

Preparation of the acetylated octyl glycoside standard is a procedure that consists 
of two steps: (1) reaction of the monosaccharide with racemic 2-(±)-octanol and (2) 
reaction of the monosaccharide with one optically pure enantiomer of the alcohol, 
for instance, 2-(-)-octanol. The first step, using l-rhamnose (l-Rha) as an example, 
produces two diastereoisomers, l-Rha-(+)-oct and l-Rha-(-)-oct, each equivalent to 
its enantiomer, d-Rha-(-)-oct and d-Rha-(+)-oct, respectively, during GC-MS anal-
ysis. The second step gives only one diastereomer, i.e., l-Rha-(-)-oct whose GC-MS 
retention time is also equivalent to that of its enantiomer d-Rha-(+)-oct. Thus, the 
two separate reactions allow the determination of the retention time of l-Rha-(-)-oct 
and d-Rha-(-)-oct. This information is used to assign the configuration of a mono-
saccharide, prepared by treating the sample with enantiomeric pure 2-(-)-octanol, 
followed by acetylation.

This procedure applied to PBCV-1 glycopeptides revealed that fucose and arabi-
nose are l-configured, the three hexoses and xylose are d, while rhamnose exists in 
both l and d configurations. Collectively, PMAA and AOG analyses indicated that 
different types of rhamnose residues were in the glycopeptide and that they differed 
in the type of substitution and in their absolute configuration. This finding prompted 
an improvement in the octyl glycoside approach that produced a derivative able to 
provide the absolute configuration of the residue and its substitution pattern. 
Accordingly, the glycopeptide was methylated and hydrolyzed as in Fig. 12.4b, and 
then the mixture of the partially methylated monosaccharide was directly converted 
into the corresponding partially methylated and acetylated octyl glycosides 
(Fig. 12.4d).

The standards needed for the identification of rhamnose in its variously acety-
lated and methylated forms were obtained by applying the same approach to the 
polysaccharide from Kaistella flava (Gargiulo et  al. 2008), because it had a l-
rhamnose linked at either 2 or 3 and at both 2 and 3 positions. The standard for the 
terminal rhamnose was prepared by methylation of the octyl rhamnoside.

Attribution of the GC-MS profile (Fig. 12.3e) was possible by extension of the 
fragmentation rules of the methyl glycosides to the octyl glycosides (Lönngren and 
Svensson 1974). In general, the most diagnostic ion is the oxonium ion that origi-
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nates from the loss of the aglycon of the anomeric carbon. For the two peaks at ca. 
21 min (Fig. 12.3f), it was m/z 245 that indicated a rhamnose derivative with two 
acetyl groups and one methyl group, as expected from the transformation of the 
2,3-linked rhamnose unit of the glycan. As for the two peaks at 16 and 18  min 
(Fig. 12.3f), they had different EI-MS spectra (Fig. 12.3g, h) but the same oxonium 
ion at m/z 217, pointing to a rhamnose with two methyl groups and one acetyl, as 
expected for a 2- or 3-linked residue. The 2-linked rhamnose species were identified 
at 16 min because the EI-MS spectrum had an intense ion at m/z 88 that arose from 
two vicinal methylated hydroxyl groups, which is only possible for a 2-linked resi-
due. Thus, the peaks at 18 min were assigned to 3-linked rhamnose. Identification 
of the l and d isomer (Fig. 12.3f) was possible by preparing the AOG from the 
methylated polysaccharide with pure 2-(-)-octanol.

Finally, the PBCV-1 glycopeptide reaction with pure 2-(-)-octanol and acetyla-
tion indicated that d-rhamnose was mainly 3-linked (major form), but also terminal, 
while l-rhamnose was 2- or 2,3-linked or terminal (Fig. 12.3e). Thus, preparation of 
partially methylated and acetylated octyl glycosides is useful to solve glycan struc-
tures that have monosaccharides with opposite configurations; while these cases are 
rather rare, they are quite challenging when they exist.

12.4  �NMR Spectroscopy in Glycan Analysis, Determination 
of Glycan Sequence, and Anomeric Configuration

NMR spectroscopy is without doubt the best technique for providing information 
about several features of a glycan, including the configuration of the anomeric car-
bon, the stereochemistry of the residues and the way the residues are connected. 
This approach is well developed for samples in solution and combines the informa-
tion from a certain range of experiments, viz., the homonuclear 1H-1H 2D sequences 
COSY, TOCSY, and ROESY (or NOESY) and the heteronuclear 1H-13C 2D 
sequences HSQC, HMBC, and HSQC-TOCSY. The major limitation of this tech-
nique is related to the amount of sample available, a limit that nowadays is less 
severe because of the availability of instruments at high field, equipped with cold 
probes, and gradient-selected sequences that shorten the acquisition time. Thus, the 
following comments describe the major shortcuts for quickly obtaining the main 
structural information of a glycan.

12.4.1  �Configuration of the Anomeric Carbon

The regions of interest are those at 5.5–4.3 ppm and 110–90 ppm for proton and 
carbon spectra, respectively. Proton signals found above 5 ppm are generally con-
sidered diagnostic of a residue in the α-pyranosidic form, while those below 5 ppm 
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are diagnostic of β-configured pyranose sugars. In regard to the carbon signals, the 
anomeric carbon of an α-configured pyranose residue has a chemical shift lower 
than a β-configured unit, and it is generally found at less than 102 ppm. This gener-
alization does not consider residues in the furanose form or having a N-glycosidic 
linkage; for these cases, the determination of the anomeric configuration needs 
information on all of the proton and carbon signals.

In the case of the PBCV-1 glycan, the HSQC spectrum (Fig. 12.5a) had about 11 
anomeric signals. Of these 11 signals, 6 were assigned to α-configured monosac-
charides (A–C, E–G) because they were found at proton signals above 5 ppm. Unit 
D represented an arabinose in the β-furanose form, in agreement with linkage analy-
sis and with the carbon four (C-4) chemical shifts at 83.0 ppm (Bock and Pedersen 

Fig. 12.5  NMR spectra acquired for PBCV-1 glycopeptide structural studies (refer to Fig. 12.2 for 
labeling system, glycopeptide amount 0.5 mg). (a) HSQC spectrum. (b) Expansion of the TOCSY 
spectrum. (c) Expansion of T-ROESY spectrum. (Adapted from De Castro et al. 2013)
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1983). All the other signals belonged to β-configured pyranose residues, with glu-
cose H having an N-type glycosidic linkage as inferred from the characteristic sig-
nal at 80 ppm.

12.4.2  �Stereochemistry of the Residues

For most of the residues, this feature can be quickly determined by analyzing the 
anomeric region of the TOCSY spectrum (Fig. 12.5b). In this experiment, the trans-
fer of the magnetization from one proton to the next is controlled by the value of the 
coupling constants (2JH,H and 3JH,H), which in turn depends on the stereochemistry of 
the monosaccharides investigated. In the case of a pyranose ring, small 3JH,H values 
are characteristic of axial/equatorial- or equatorial/equatorial-arranged protons and 
hinder the magnetization transfer, thus decreasing the intensity of the successive 
correlations in the spectrum or, in some cases, preventing them completely. For 
example, manno- and galacto-configured residues in the pyranose form have small 
3JH1,H2 and 3JH3,H4 values, respectively. Accordingly, the anomeric proton (H-1) of an 
α-manno-configured monosaccharide correlates with H-2 and has very poor corre-
lations, if at all, with the other protons in the residue; the H-1 of the β-isomer cor-
relates only with H-2. A galacto-configured residue instead has only three 
correlations, from H-2 to H-4, independent of the configuration at the anomeric 
center. In contrast, residues with large coupling values such as gluco-configured 
forms have the complete correlation pattern, up to both H-6 protons (or up to H-5 
protons in xylose residues). This approach is less straightforward for recognizing 
other isomers, such as those with altro- or talo-stereochemistry, or residues in the 
furanose form. Therefore, it is always good practice to confirm the identity of a 
monosaccharide by comparing its NMR data with that of a reference compound 
(Bock and Pedersen 1983) and with information from chemical analysis.

Regarding the PBCV-1 glycopeptides, the TOCSY spectrum in Fig. 12.5b identi-
fied the residues I, L, F, G, C, and B as manno-configured, and successive integra-
tion of TOCSY with COSY and HSQC spectra determined that all the residues were 
6-deoxy-mannose or rhamnose units except G, which was a mannose. Similarly, A 
and E had a galacto-configuration, but A was a fucose, while E was a galactose. The 
residues H, M, and N had the complete correlation pattern (Fig. 12.5b), and further 
analysis disclosed that H was a glucose, while M and N were two units. The arabi-
nose residue escaped from this scheme because it was in the furanose form; thus, its 
identity was determined by assignment of all the chemical shift values as reported 
in the previous section.
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12.4.3  �Sequence of the Residues

This aspect is pursued by two main approaches. Homonuclear 1H-1H NOESY and 
ROESY (or its variation T-ROESY) sequences exploit the nuclear Overhauser effect 
(NOE) that relates nuclei at less than 4 Å. Thus, NOE effects occur within the same 
residue (intra-residue) as well as between different sugar units (inter-residues). Both 
types of NOEs are useful during structural determination, but only inter-residue 
NOEs define the sequence of the residues in the polymer and, in most of the cases, 
also the substitution point.

As for the PBCV-1 glycopeptide, T-ROESY (Fig. 12.5c) displayed several cor-
relations. For instance, the anomeric signal of M (a xylose unit) had three correla-
tions: those with protons H-3 and H-5 (M3,1 and M5ax,1, respectively) confirmed the 
β configuration of the anomeric center, while the last, A4M1, placed this residue 
unequivocally at position 4 (C-4) of A, the fucose residue. A similar pattern of intra- 
and inter-residue NOEs was detected for the other residues β-configured at the ano-
meric position, namely, I and L.

The anomeric proton of an α-configured residue displays the inter-residue cor-
relation with the proton at the position of the glycosidic linkage, while the intra-
residue correlations occur with H-2. However, NOE effects report spatial proximity, 
meaning that care is necessary during interpretation. For instance, arabinose D is 
linked at C-3 of L, but it correlates with both H-2 and H-3 of this unit (correlations 
L2D1 and L3D1 in Fig. 12.5c). Similarly, xylose N is linked at C-4 of H, but it cor-
relates with both H-4 and H-6 of the glucose unit (correlations H4N1 and H6N1 in 
Fig. 12.5c). In addition, other NOE effects connect protons of residues not even 
directly linked, such as H-2 of N with H-5 of A (N2A5 in Fig. 12.5c), which means 
that the glycan adopts a conformation that brings these two parts close to each other.

The second approach consists of recording the heteronuclear 1H-13C HMBC 
spectrum that relates proton and carbon nuclei separated from two (2J) or three (3J) 
chemical bonds and that are scalar (or J) coupled. Indeed, as for NOE-based tech-
niques, HMBC detects intra- (2J and 3J) and inter-residue correlations (3J), and the 
intensity associated depends on the J value. The absence of a correlation does not 
mean that two residues are not linked but simply that the 3J value is close to null or 
far from the value for which the HMBC acquisition is optimized. It is good practice 
to record this type of spectrum to confirm the results from the NOESY (or T-ROESY) 
experiments as was done for PBCV-1.

12.5  �Glycoproteomic Analysis of MCP from Chloroviruses 
by MALDI-TOF MS and MALDI-TOF-TOF MS/MS

Complete characterization of glycoproteins requires the identification of the glyco-
sylation sites, as well as the site-specific analysis of the glycan components, which 
often have a broad number of glycoforms (microheterogeneity) that enhances the 
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overall molecular complexity. Due to the many structural components to be exam-
ined, conventional MS-based methods typically rely on a combination of two differ-
ent types of analyses: (1) a basic glycomic strategy that analyzes the enzymatically 
or chemically released glycan mixture and (2) a glycoproteomic approach which 
also provides information on the glycosylation sites by analyzing the glycopeptides 
resulting from protein digestion. We adopted this last procedure to analyze the 
N-glycosylation pattern of the PBCV-1 Vp54 protein because the first approach was 
hampered by the lack of N-glycan releasing enzymes with the appropriate specific-
ity. Moreover, chemical deglycosylation methods would have led to the loss of the 
protein counterpart and therefore loss of the structural information at the glycosyl-
ation sites. Protease digested samples often contain a complex mixture of peptides 
and glycopeptides, which are poorly detected because they can be heterogeneous in 
composition and because their ionization efficiency is less than that of the unmodi-
fied peptide. Accordingly, a number of chromatographic methods based on physical 
and chemical properties of the glycosylated species have been developed for the 
enrichment/separation of the glycopeptide fraction (Wuhrer et al. 2007; Ongay et al. 
2012).

As a first step, our experimental protocol involved the enzymatic digestion of the 
viral Vp54 glycoprotein with two different proteases, proteinase K and thermolysin, 
to generate a mixture of properly sized N-linked glycopeptides (Table 12.2). With 
its broad specificity, proteinase K produced fractions enriched in glycopeptide frag-
ments that were separated via size-exclusion chromatography (SEC) on a Bio-Gel 
P-10 column. The more selective protease, thermolysin, in association with alterna-
tive glycopeptide purification procedures, such as reverse-phase (RP) fractionation 
on C18 columns, hydrophilic interaction liquid chromatography (HILIC) on micro-
crystalline cellulose, and solid-phase extraction (SPE) on graphitized columns, pro-
duced a different set of glycopeptides. Because of its low specificity, proteinase K 
produced glycans with either a single amino acid or attached to short peptides, 
whereas thermolysin produced glycopeptides with larger peptides. Trypsin diges-
tion, despite having more targeted cleavages of the protein backbone, was not used 
because it was expected to generate glycosylated peptides too large for MALDI MS 
and MS/MS analyses.

By using a combination of the two proteases and the various enrichment col-
umns, we were able to isolate several fractions enriched in glycopeptides 
(Table 12.2). In the majority of the cases, the samples were still complex mixtures, 
containing some peptides and mainly glycopeptides whose heterogeneity depended 
on both peptide and glycan components. All the fractions were analyzed off-line by 
MALDI-TOF MS and MALDI-TOF-TOF MS/MS in order to identify protein gly-
cosylation sites and glycan sequences.

First-line analysis employed MALDI MS identification of glycopeptides, which 
always detected the positive ionization mode as adducts with sodium [M+Na]+ and 
potassium [M+K]+. The spacing pattern (Δm/z=16) between these two adducts 
proved useful to distinguish glycopeptide from peptide ions. Moreover, the mass 
differences between the glycopeptides disclosed that some monosaccharides were 
present as nonstoichiometric substituents.
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Complete assignment of the more significant glycopeptide MS signals was based 
on the accurate measurement of the molecular mass, which inferred both peptide 
and glycan composition (accuracy was more than 75 ppm for Vp54 main glycopep-
tides), and on tandem MS analysis which provided evidence for the glycan sequence. 
MALDI-TOF-TOF spectra gave primarily low-energy fragments consisting of the 
cleavage of the glycoside bonds between adjacent sugar rings  – the B-, C-, and 
Y-type ions (rarely Z-type ions) according to Domon and Costello nomenclature 
(Domon and Costello 1988). B and C ions comprise the nonreducing sugar termi-
nal, the first arising from a glycosyl bond β-elimination implying the further loss of 
a water molecule, [B]+= [C − H2O]+, whereas, analogously, Y and Z ions include the 
reducing end, with [Z]+ = [Y − H2O]+. Glycan Y-type fragments were found as the 
predominant cleavage, which generated highly informative ions retaining the pep-
tide glycosylation sites. On the other hand, B and C ions, typically occuring at or 
near the nonreducing end side, provided valuable information on the molecular 
mass of the whole glycan moiety and on the substitution of the innermost glucose 
residue. Notably, species with larger peptide portions also led to y- and b-type 
cleavage (Biemann 1992) of the amino acid backbone linkages, allowing further 
characterization of the peptide side chain.

By combining all the MS data with peptide sequence information, as well as 
those provided by the FindPept bioinformatic tool (www.expasy.org) and the com-
positional analysis, we were able to define the PBCV-1 N-glycosylation pattern. MS 
and MS/MS analyses helped to identify individual amino acid sequences associated 
with Vp54 glycosylation (at 280NIPG, 302NTGT, 399NTET, 406NTAT), as well as the 
characterization and relative evaluation of their attached glycoforms. Of note, none 
of the asparagine is in a typical consensus sequence; Fig. 12.6 shows MS/MS analy-
sis of the four glycopeptides that were more representative and reveal the complex 
pattern of Vp54 N-glycosylation.

12.6  �Conclusions

The structure of the glycans of the PBCV-1 major capsid protein Vp54 had remained 
elusive because the tools commonly used to study eukaryotic-like glycosylation 
patterns failed. This glycosylation pattern has been solved only recently (De Castro 
et al. 2013) by combining three techniques, GC-MS, NMR and MALDI, and this 
same approach was effective when applied to other chlorovirus encoded glycopro-
teins (De Castro et al. 2016; Quispe et al. 2017; Speciale et al. 2017). As a result, the 
structures of other chlorovirus N-glycans are now available, confirming that glyco-
sylation is a trait common to these viruses. The results also revealed that chlorovirus 
glycans share the same core oligosaccharide structure that is unique (Fig. 12.2) and 
not shared by any other form of life.

Chloroviruses are members of a rapidly expanding group of viruses character-
ized by large particle size with huge genomes and are often referred to as giant 
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Fig. 12.6  MALDI-TOF-TOF MS/MS spectra of selected glycopeptides from Vp54. Each precur-
sor ion, as detected by MALDI-TOF MS, is associated with one of the four distinct Vp54 glyco-
sylation sites. (Adapted from De Castro et al. 2013). The horizontal axis indicates the mass/charge 
ratio (m/z) of the ions, and numbers are omitted to avoid crowding. Most relevant peaks are labeled 
with the mass value
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viruses. Many giant viruses have putative genes involved in carbohydrate metabo-
lism, such as Mimivirus and Megavirus (both in the Mimiviridae family) for which 
we have direct evidence that a thick layer of polysaccharides coats their surface (De 
Castro and Tonetti, unpublished results). The take-home message is that viral auton-
omous glycosylation probably occurs in a wide range of viruses. The insightful use 
of the available methods has now added a new topic to the flourishing field of 
glycobiology.
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Chapter 13
Quantifying Weak Glycan-Protein 
Interactions Using a Biolayer Interferometry 
Competition Assay: Applications to ECL 
Lectin and X-31 Influenza Hemagglutinin

Ye Ji and Robert J. Woods

Abstract  This chapter introduces two formats using bio-layer interferometry com-
petition assays to determine the solution KD values of weak glycan-protein interac-
tions. This approach overcomes the challenge of determining weak interactions 
while minimizing the amount of reagents required. Accurate solution KD values aid 
in understanding the complex relationships between monomeric versus multimeric 
interactions and affinity versus avidity. The assays have been applied to a well-
studied lectin (Erythrina crista-galli lectin) and influenza hemagglutinin (X-31). 
The solution KD values determined from this approach are in good agreement with 
previous reported literature values from isothermal titration calorimetry and 
NMR. Additionally, this approach appears robust and precise.

Keywords  Bio-layer interferometry · Weak interaction · Glycan-protein interac-
tion · BLI-based inhibition assay · ECL · X-31
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MST	 Microscale thermophoresis
SPR	 Surface plasmon resonance
NA	 Neuraminidase
NMR	 Nuclear magnetic resonance spectroscopy
3D	 Three-dimensional

13.1  �Introduction

Bio-layer interferometry (BLI) is a relatively new label-free technique to study the 
interactions between an immobilized receptor and soluble analytes in high- 
throughput, label-free, real-time molecular interaction analysis (Rich and Myszka 
2007). This optical technique analyzes the change in the interference pattern of 
white light reflected from a biosensor surface carrying a chemically immobilized 
ligand (such as a protein) that occurs as the analyte in solution (such as a carbohy-
drate) binds to the ligand (Fig. 13.1).

The BLI approach shares some conceptual similarities with surface plasmon 
resonance (SPR), in the sense that the ligand is immobilized on a surface. Both 
methods use similar immobilization chemistry, and the binding is detected in real 
time. However, there are differences. Whereas SPR employs a microfluidic flow 
cell, BLI employs a multi-well plate (typically 96 or 384), with a row of eight sen-
sors that are dipped into the wells. The association phase of the binding is thus pri-
marily dependent on the concentration of the analyte in the wells and to the time the 
probe is exposed to the analyte. To measure analyte dissociation, the probes are 
automatically raised and transferred to wells containing buffer (Fig.  13.2). The 
times for association and dissociation phases can be adjusted during the experiment, 
and more complex assays may be programmed. To assist in minimizing mass-trans-
port effects, the analyte tray oscillates at up to 1000 rpm.

Fig. 13.1  Mechanism of ForteBio bio-layer interferometry
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The performance of SPR and BLI has been reviewed recently (Abdiche et al. 
2008, 2009; Yang et  al. 2016), and while SPR may be slightly more sensitive 
(Abdiche et al. 2008), KD values from BLI are generally within a factor of 2 (larger) 
than those from SPR (Abdiche et al. 2008, 2009). A significant advantage of BLI 
over SPR is the lack of any limit on measurement times for association or dissocia-
tion, which are limited in SPR by the volume of the microfluidics. On the other 
hand, long exposures in the analyte wells can lead to solvent evaporation degrading 
the BLI measurements (Yang et al. 2016). Other benefits of BLI include the ability 
to measure interactions on disposable tips that do not need to be regenerated and to 
not necessarily consume precious samples. This makes it a versatile complement to 
Biacore (Abdiche et  al. 2008). Overall the high throughput of the BLI platform 
appears to be its most significant benefit over SPR (Yang et al. 2016), and the popu-
larity of the BLI method is steadily increasing (Fig. 13.3). BLI provides a relatively 
high-throughput, cost-effective method for quantifying the strengths of carbohydrate-
protein interactions. This helps bridge the gap between qualitative affinity data from 
high-throughput glycan array screening, and quantitative data from lower-through-
put methods such as SPR, ELISA, ITC, MST, and NMR. Additionally, like SPR, 
BLI provides the ability to determine kinetic binding rate constants (kon, koff), 
which are critical to a complete understanding of molecular recognition processes, 
such as between antibodies or lectins and carbohydrates (Lin et al. 2012; Lian et al. 
2013; Schieffelin et al. 2010).

BLI is recommended for characterizing interactions with affinities between 
1 mM and 10 pM, and for analytes with molecular weights of at least 1500 Da, but 
preferably closer to 4 kDa (Rich and Myszka 2007). A convenient feature of the 
ForteBio implementation of BLI is the ability to alter the times allocated for the 
association or dissociation phases in real time, in response to the observed data.

Fig. 13.2  An example in which BLI is used to screen the binding of six oligosaccharides to the 
lectin wheat germ agglutinin (WGA). Baseline (sensor soaking in buffer) 0~120  s, association 
phase 120–480 s, and dissociation phase 480–720 s

13  Quantifying Weak Glycan-Protein Interactions Using a Biolayer Interferometry…
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However, as is the case with all techniques for determining affinities that require 
immobilization of the receptor, multimeric analytes may form multivalent interac-
tions. Such interactions boost the observed affinity through avidity, and hence do 
not result in monomeric affinity values (Mammen et al. 1998; Gelinsky-Wersing 
et al. 2017). Additional issues, which may be particularly problematic in multivalent 
binding (Liang et al. 2007), include artificially slow dissociation rates due to rapid 
analyte rebinding or “mass transport” (Schuck and Zhao 2010). Slow off rates ulti-
mately lead to an overestimation of the affinity when KD is derived from koff/kon.

Protein-carbohydrate interactions mediate countless biological events, from 
common ligand-analyte binding to cancer metastasis, and viral and bacterial infec-
tion (Solís et  al. 2015). To overcome the notoriously low affinity (mM) of these 
interactions, biological glycan interactions frequently take advantage of multimeric 
or multivalent binding (Mammen et al. 1998). However, the structures of these mul-
timeric complexes are generally unknown, while what is are most often available 
instead are the three-dimensional (3D) structures of monomeric complexes, gener-
ated by x-ray diffraction. To develop robust structure-function relationships for gly-
cans, a first step is therefore to be able to measure monomeric binding affinities that 
can be interpreted with regard to the available structural data. The ability to quantify 
monomeric binding affinities for glycans is essential for understanding the effects 
of protein mutations on biological function, such as, in defining the origin of species 
specificity of influenza infections (Ji et  al. 2017). This information is equally  
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important for the development of inhibitors that target glycan receptors (Ernst and 
Magnani 2009; Magnani and Ernst 2009).

The low affinity interactions associated with proteins and carbohydrates are chal-
lenging to measure by direct binding techniques such as NMR, MST, and ITC 
(Gupta et al. 1996; Notenboom et al. 2002; Sauter et al. 1992; Xiong et al. 2013), 
often because of the limited availability of sufficient quantities of large biologically 
relevant glycans. A competition assay overcomes this limitation by employing the 
minimum-binding determinant (or other small carbohydrate structure) as the inhibi-
tor while requiring only a minimal amount of the large glycan as the direct binding 
analyte.

Given that many carbohydrate-binding proteins are multimeric, as are most bio-
logically relevant glycans, surface immobilization techniques are not ideal for quan-
tifying carbohydrate-protein interactions. However, the extreme complexity of 
many glycans limits their availability; thus we sought to develop an approach to 
measuring monomeric solution KD values for carbohydrate-protein interactions that 
exploited the economies and convenience gained from the BLI approach. To do this, 
we created a competition-based protocol that reproduces KD values from solution-
phase equilibrium binding measurements (Cheng and Prusoff 1973). We will dem-
onstrate the use of this assay in two common formats; with the lectin from Erythrina 
crista-galli (ECL), we will determine solution KD with the glycan immobilized, 
while with influenza A hemagglutinin (HA), we will reverse these conditions.

Given that BLI is not designed to measure interactions weaker than mM, and this 
is the range of many carbohydrate-protein affinities, the proposed BLI-based inhibi-
tion assay was developed to overcome this limitation. 

	
K IC protein KD solution D surface, ,/ /= +[ ]( )50 1

	
(13.1)

As illustrated in Fig. 13.4, a small oligosaccharide is used to inhibit binding of 
an amplified oligosaccharide to the immobilized protein. By analogy to enzyme inhi-
bition, when the oligosaccharides in both cases are exactly the same glycan, the 
inhibition constant  Ki of small oligosaccharide is equivalent to its solution KD 
(Cheng and Prusoff 1973). The solution KD is obtained from Eq. 13.1 and requires 
measurement of an IC50 for the analyte (oligosaccharide) and a surface KD (KD,surface).

13.2  �Assay Format 1: Immobilized Glycan, Protein Analyte

Lectins such as ECL have long been used as carbohydrate detection reagents, and 
considerable data are available regarding their affinities. Thus ECL was chosen as a 
standard for development of the present protocol. With the protocol established, we 
then examined the biologically significant interaction of influenza hemagglutinin 
with glycans associated with human and avian infection.

Example: Erythrina crista-galli Llectin (ECL)-glycan interactions
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ECL is widely used as a reagent for the detection of terminal galactopyranose 
(Gal) residues in glycans (its canonical specificity is for Gal), yet it also binds to 
N-acetylgalactosamine (GalNAc) and fucosylated galactose (L-Fucα1-2Gal). 
Although its function in the legume is unknown, understanding the complex speci-
ficity of lectins, such as ECL, is fundamental to the interpretation of specificity data, 
as in histology studies (Tong et al. 2001) and in the rational design of diagnostic and 
therapeutic agents (Farhadi and Hudalla 2016) that target specific glycans. It has 
been reported from ITC measurement that ECL binds to lactosamine (LacNAc) at 
0.26 mM (Gupta et al. 1996) and 0.32 mM (Notenboom et al. 2002). Such weak 
binding affinities are on the edge of or below the detection limit of SPR and BLI. In 
this example, the biotinylated oligosaccharides will be immobilized on a streptavi-
din (SA) biosensor surface, and the ECL will be the analyte for direct binding as KD, 

surface. As the second step in the assay, the ability of eight oligosaccharides to inhibit 
the ECL binding to the LacNAc biosensor surface was quantified in terms of their 
IC50 values (Table  13.1). Subsequently, solution KD values were derived from 
Eq. 13.2 (Table 13.2). Like many lectins, ECL is dimeric, so this assay format might 
be biased by multimeric (avidity) interactions between the lectin and the immobi-
lized oligosaccharides. However, the agreements (Table 13.2) between the reported 
monomeric solution KD values from ITC measurements and ours suggest that the 
dimeric ECL does not form multiple simultaneous interactions with the surface in 

Fig. 13.4  Schematic representation of the BLI-based competition assay. The ability of a small 
carbohydrate (typically the minimal binding determinant) to inhibit (IC50) the direct binding of the 
analyte of interest (KD, surface) is determined in two sets of experiments. From these values the solu-
tion KD (KD, solution) of the minimal binding determinant may be determined
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this particular format. The surface KD and representative sensor plots for direct 
binding are presented in Fig. 13.5.

	
K IC ECL KD solution D surface, ,/ /= +[ ]( )50 1

	
(13.2)

Figure 13.5 shows that the surface KD determined by fitting to a 1:1 binding 
model (0.92 μM ± 0.02 (stdev from triplicates)), which compared well to the value 
from the Scatchard analysis: 0.91 μM ± 0.02 (stdev from triplicates).

13.3  �Assay Format 2: Immobilized Protein and Glycan 
Analyte

Many studies have applied direct ligand binding assays to measure the surface/
apparent KD of ligand-receptor interactions (Khurana et al. 2014; Matsumoto et al. 
2010; Makeneni et  al. 2014). However, effects from mass transfer, steric effects 

Table 13.1  IC50, of all 
carbohydrate candidates, 
experiments reported in 
replicates of three

Analyte
Average 
(mM)

STDEV 
(mM)

Lactose (Lac) 0.66 0.044
epi-Lactose 0.44 0.012
LacNAc 0.17 0.011
2′-FucosylLacNAc-spa-N3 0.07 0.014
2′-FucosylLactose 0.49 0.050
2′-FucosylLactose-N3 0.47 0.027
Maltose NDb ND
Cellobiose ND ND

asp = -CH2CH2-
bND not detected

Table 13.2  Solution KD (mM) values for several analytes binding to ECL

Oligosaccharide BLI ITC (Gupta et al. 1996) ITC (Notenboom et al. 2002)

Lactose (Lac) 0.32 0.26 0.32
epi-Lactose 0.21 NRa NR
LacNAc 0.08 0.09 NR
2′-FucosylLacNAc-spb-N3 0.03 NR NR
2′-FucosylLactose-sp-N3 0.22 NR NR
2′-FucosylLactose 0.23 NR 0.31
Maltose NDc NR NR
Cellobiose ND NR NR

aNR not reported
bsp = -CH2CH2-
cND not detected
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(Schuck and Zhao 2010), and avidity (Liao et al. 2010) can lead to a considerable 
variation in the KD values (Gupta et al. 1996; Notenboom et al. 2002; Sauter et al. 
1992; Xiong et al. 2013). Additionally, when the ligands are low molecular weight, 
they may be below the confident detection limit of the assay. Nevertheless, the sur-
face KD values in many cases are useful for defining analyte specificities if not solu-
tion affinities (de Vries et al. 2017). However, to understand of monomeric molecular 
interactions, it would be extremely beneficial to compare to KD values that do not 
have avidity effects (Ji et al. 2017).

It was fortuitous in the case of ECL that the protein did not appear to form mul-
timeric interactions with the immobilized oligosaccharides. However, this would 
not be expected to be the case with a multimeric protein such as trimeric influenza 
hemagglutinin, which many have specifically evolved to prefer to bind in a multi-
meric mode to cell-surface oligosaccharides (de Vries et al. 2017; Peng et al. 2017; 
Khurana et al. 2010). To evade such multimeric interactions, we investigated the 
present assay by immobilizing the protein (HA) and detecting the binding to the 
relevant receptor oligosaccharides.

The canonical view of the relationship between HA receptor specificity and spe-
cies infectivity is that the HA in human-infective viruses prefers to bind to glycans 
present on the human cell surface that terminate with the Siaα2-6Gal sequence, 
whereas the HA in avian-infective viruses prefers to bind to glycans that terminate 
in Siaα2-3Gal (Ji et al. 2017). The discovery of the α2-6/α2-3 infectivity relation-
ship originated not from quantitative biophysical studies but from more qualitative, 
yet robust, hemagglutination assays (Miller and Stanley 1944). Turning from array 
screening, lectin staining, and agglutination assays to biophysical assays in order to 
quantify the relationship between HA sequence and glycan specificity introduces 
additional challenges. What complicates the quest for a structural rationalization of 
HA specificity is that many HAs co-crystalize with sialosides independent of 

Fig. 13.5  Left, BLI sensorgram of ECL direct binding to LacNAc on SA biosensors. Inset, the 
KD,surface resulting from equilibrium binding analysis and associated Scatchard plot
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whether the sialic acid is in an α2-3 or α2-6Gal linkage. Additionally, solution bind-
ing data confirms that the interactions are weak at the monomeric level (mM) and 
that there is little measurable difference in affinity for either α2-3 or α2-6 sialosides 
(Ji et al. 2017).

13.4  �The Case Study: Human A/Hong Kong/1/1968 (X-31) 
H3N2 HA: Glycan Interactions

X-31 is one of the first influenza HAs to have its solution binding KD characterized 
(by NMR) (Sauter et al. 1989), thus we chose it for the present study.

The direct binding of α2-3 or α2-6 trisaccharides (3′ or 6′-Sialyl-N-
acetyllactoseamine, short for 3′/6′SLN) to X-31 resulted in signals that were too 
weak to interpret quantitatively, and the approximate equilibrium KD values were 
not able to be determined (Figs. 13.6 and 13.7).

In order to enhance the signal, the biotinylated glycans (molecular weight 
approximately 765 Da) were combined with an anti-biotin antibody Fab fragment 
(Cornell et  al. 1997), creating a monomeric neoglycoprotein with a molecular 
weight of approximately 50 kDa. The BLI sensorgram in Fig. 13.8 shows that utiliz-
ing the neoglycoprotein dramatically amplified the maximum BLI signal (6.0 nm) 
relative to the oligosaccharide alone (0.12 nm).

An initial KD,Surface for 6′SLN-Fab binding to immobilized X-31 was measured as 
1.15 μM (see inset in Fig. 13.7 for 1:1 association binding fit). When corrected for 
non-specific binding using an irrelevant neoglycoprotein (biotinylated mannose-
Fab), the final KD,Surface for 6′SLN-Fab was 1.58 μM.

In the second step of the assay, IC50 values are measured using soluble (non-
biotinylated) oligosaccharides to inhibit the corresponding neoglycoprotein from 
binding to the immobilized X-31 (Fig. 13.9).

The KD,solution values (Table 13.3) were then simply derived by employing the IC50 
values and KD,surface values in Equation 13.1. Using the Man-Fab neoglycoconjugate 

Fig. 13.6  BLI sensorgrams for a serial dilution of the glycan (3′SLN-N3) direct binding to X-31 
H3 HA biosensors. The highest concentration of the glycan is 4mM
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as a correction for non-specific binding modestly altered the final KD,solution (for 
6′SLN) from 2.17  mM (no Man-Fab subtraction) to 2.36  mM (after Man-Fab 
subtraction).

Thus accounting for the Fab component of the analyte altered the KD values by 
approximately 10%, but did not alter the relative specificity of 6′SLN versus 3′SLN 
for X-31 (Table 13.3).

Fig. 13.7  BLI sensorgrams of a serial dilution of the glycan (6′SLN-N3) direct binding to X-31 H3 
HA biosensors. The highest concentration of the glycan is 4mM

Fig. 13.8  Scheme of Fab-glycan binding directly to HA immobilized biosensor surface

Fig. 13.9  IC50 curve for 
6′SLN inhibiting the 
binding of 6′SLN-Fab 
(red) and 3′SLN inhibiting 
the binding of 3′SLN-Fab 
(blue) to immobilized X-31
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13.5  �Concluding Remarks

The BLI competition assay formats appear to be highly suited to measuring weak 
(mM) solution KD values for oligosaccharide-protein interactions. Not only does 
this approach provide accurate values but it also minimized reagent usage, which 
can be critical, especially for scarce reagents such as complex glycans.

For proteins that cannot form multimeric interactions, Assay Format 1 or 2 may 
be employed. However to minimize avidity effects from multivalent binding, Assay 
Format 2 is likely to be preferable. In the case of ECL, it appears that although it is 
dimeric, it cannot form multimeric interactions with the immobilized oligosaccha-
rides, possibly due to the spacing of the biotinylated oligosaccharides on the SA 
surface. The fact that the ECL ligands were all short (disaccharides) may also con-
tribute to the inability of ECL to form multimeric interactions in Assay Format 1. 
Assay Format 1 may be more beneficial when the oligosaccharide is the limiting 
reagent.

When both the protein and the oligosaccharides are in scarce supply, Assay 
Format 2 offers the benefit of being able to recover the oligosaccharides used in the 
IC50 step by using a molecular weight cutoff spin column to separate the oligosac-
charide from the neoglycoprotien analyte. Oligosaccharide recovery is not as effi-
cient in Assay Format 1 because some amount of the oligosaccharide will remain 
bound to the protein analyte.

Assay Format 1 Experimental Details
Experimental materials: Erythrina crista-galli lectin (ECL, Cat#: L-1140, Vector 

Lab, Burlingame, CA, USA), N-Acetyl-D-lactosamine (LacNAc, Cat# A7791, 
Sigma-Aldrich, St. Louis, MO, USA), D-Lactose monohydrate (Lac, Cat#: 
61339, Sigma-Aldrich, St. Louis, MO, USA), 4-O-β-Galactopyranosyl-D-
mannopyranose (epi-Lac, Cat#: G0886, Sigma-Aldrich, St. Louis, MO, USA), 

Table 13.3  Solution KD determined from BLI-based inhibition assay

HA viral strain
Canonical 
specificity Ligand

KD,surface 
(mM)a

IC50 
(mM) KD (mM) Reported KD (mM)

A/Hong 
Kong/1/1968

α2-6 3′SLN-
N3

1.7 3.1 ± 0.47 2.4 ± 0.12 NRb

(X-31) 3′SLN 1.7 3.6 ± 0.13 2.7 ± 0.01 3.2 ± 0.6 (Sauter 
et al. 1992) 
3.13 ± 0.4 (Xiong 
et al. 2013)

6′SLN-
N3

1.2 3.1 ± 0.12 2.2 ± 0.03 NR

6′SLN 1.2 3.8 ± 0.29 2.7 ± 0.07 2.1 ± 0.3 (Sauter 
et al. 1992) 
2.03 ± 0.2 (Xiong 
et al. 2013)

aAt 25 °C
bNR not reported
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2-Fucosyllactose (2′FucLac, Cat#: OF06739, Carbosynth Limited, Berkshire, 
UK), D-(+)-Cellobiose (Cellobiose, Cat# 22150, Sigma-Aldrich, St. Louis, MO, 
USA), and maltose (Maltose, Cat# 0168-17, DIFCO&BD, Detroit, MI, USA) 
were purchased from their commercial resources. 2-Fucosyllactose- 
OCH2CH2CH2-N3 (2′FucLac-N3, CFG#: Tr120) and 2-Fucosyllactosamine-
OCH2CH2CH2-N3 (2′FucLacNAc-N3, CFG#: Tr117) were requested from the 
Consortium for Functional Glycomics (CFG). Biotinylated glycan Galβ1-
4GlcNAcβ-OCH2CH2CH2NH-biotin (LacNAc-biotin) was received as a gift 
from Dr. Nicolai Bovin. ECL was weighted and dissolved in the ECL buffer: 
10 mM HEPES, 15 mM NaCl, 0.1 mM CaCl2, and 0.1 mM MnCl2 buffered at 
pH7.4, at 25 °C.

Protein BLI direct binding assay (KD, surface): Ligand LacNAc-biotin was loaded onto 
streptavidin biosensors (SA, Cat#: 18-5019, Pall ForteBio Corp., Menlo Park, 
CA, USA) at 1 μM for 1800s. Then the loaded LacNAc biosensors were dipped 
into 0.1  μM EZ-linkTM Hydrazide-Biocytin (biocytin, Cat#: 28020, Thermo 
Scientific, Rockford, IL, USA) for 1800s to block the possible unoccupied bio-
tin-SA binding sites for 1800s. The immobilization of ligand onto SA biosensors 
resulted in ~0.3 nm as loading signal under this condition. ECL direct binding KD 
(LacNAc biosensor surface KD) was measured using a bio-layer interferometer 
(BLI) Octet Red 96 system (Pall ForteBio Corp., Menlo Park, CA, USA) and 
data acquired using the ForteBio Data Acquisition 8.2 software (Pall ForteBio 
Corp., Menlo Park, CA, USA). The protein direct binding experiment was per-
formed at 600 s for association and 1800 s for dissociation in ECL buffer. ECL 
was prepared in twofold serial dilution in ECL buffer from 0~50 μM, in the 
replicates of three. Surface KD (KD,surface LacNAc biosensor) was then calculated by 
ForteBio Data Analysis 8.2 software (Pall ForteBio Corp., Menlo Park, CA, 
USA) and Microsoft Office Excel 2011 (Microsoft, USA). Surface KD (KD,surface 

LacNAc biosensor) was determined by a 1:1 binding model from both steady state anal-
ysis and Scatchard plot (Fig. 13.5) and resulted in 0.92 (STDEV: 0.02) μM of 
triplicates.

Protein BLI inhibition assay (IC50): ECL protein was prepared at 2 μM in ECL buf-
fer in a large volume for protein inhibition assay. Eight compounds were tested 
in the inhibition assay including six compounds (inhibitors) and a negative con-
trol compound (non-ECL binder glycan). All the compounds were prepared in 
twofold serial dilution in ECL buffer from 0, 1.25, 2.5, 5, 10, 20, 40, to 80 mM. 
100 μL of 2 μM ECL, 20 μL of prepared inhibitor/non-binder at its concentra-
tion, and 80μL of ECL buffer were mixed and incubated at room temperature for 
1hour. ECL inhibition assay was performed on Octet Red 96 at baseline time 
120  s, association time 600  s, and dissociation time 1800  s at shaker speed 
1000RPM at room temperature, in replicates of three. IC50 was calculated by 
using the three-parameter dose-response inhibition model in GraphPad Prism 7 
(GraphPad, La Jolla, CA, USA). Compounds LacNAc and LacNAc–sp-N3 
resulted in similar IC50 values. Therefore, only the final values for LacNAc are 
reported. This data also shows that the azide group attached to the compound 
LacNAc–sp-N3 does not affect binding.
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Assay Format 2 Experimental Details
Experimental materials: Influenza A H3N2 (X-31) Hemagglutinin (X-31, Cat#: 

40059-V08H-50, Sino Biological, China), 3′-Sialyl-N-acetyllactoseamine 
(3′SLN, Cat#: SLN302, Dextra, UK), and 6′-Sialyl-N-acetyllactoseamine 
(6′SLN, Cat#: SLN306, Dextra, UK) were purchased from their commercial 
resources. Biotinylated glycan Siaα2-3Galβ1-4GlcNAcβ-OCH2CH2CH2NH-
biotin (3′SLN-biotin, CFG#B84), Siaα2-6Galβ1-4GlcNAcβ-OCH2CH2CH2NH-
biotin (6′SLN-biotin, CFG#B87), azido-glycan 
Siaα2-3Galβ1-4GlcNAcβ-OCH2CH2CH2-N3 (3′SLN-N3, CFG#Tr33), and 
Siaα2-6Galβ1-4GlcNAcβ-OCH2CH2CH2-N3 (6′SLN-N3, CFG#Tr36) were 
requested from the Consortium for Functional Glycomics (CFG). Anti-biotin-
Fab antibody was purchased from Rockland Inc. (Fab,  Cat# 800-101-098, 
Limerick, PA, USA). Fab-glycan was prepared by incubating Fab with biotinyl-
ated glycans at 1:1.1 mole ratio in dart at 4 °C overnight. X-31 was weighed and 
dissolved in the HA buffer: 1X PBS buffer at pH7.4, at 25 °C. Fab-glycans were 
all prepared in 10mM HEPES buffer at pH7.4 at 25 °C.

Immobilization of HA on streptavidin biosensors: Amine Reactive Second 
Generation biosensors (AR2G, Cat#: 18-5092, Pall ForteBio Corp., Menlo Park, 
CA, USA) were activated by dipped into a mixture of 20 mM EDC and 10 mM 
sulfo-NHS solution for 900  s. Then H3N2 X-31 HA protein was coupled 
onto activated AR2G biosensors at 20 μg/mL for 1800 s. Then the loaded X-31 
H3 HA biosensors were dipped into 1 M ethanolamine (Cat#:110167-100ML, 
Sigma-Aldrich, St. Louis, MO, USA) pH 8.5 to quench the possible unreacted 
carboxylic group on the AR2G biosensor surface for 600 s. The immobilization 
of HA onto AR2G biosensors resulted in ~3  nm as loading signal under this 
condition.

Protein BLI direct binding assay (KD, surface): Fab-glycan direct binding KD (X-31 
biosensor surface KD) was measured using an bio-layer interferometer (BLI) 
Octet Red 96 system (Pall ForteBio Corp., Menlo Park, CA, USA) and data 
acquired using ForteBio Data Acquisition 8.2 software (Pall ForteBio Corp., 
Menlo Park, CA, USA). The protein direct binding experiment was performed at 
360  s for association and 240  s for dissociation in HEPES buffer pH 7.4.  
Fab-glycans were prepared in twofold serial dilution in HEPES buffer from 
0~8 μM, in replicates of three. Surface KD (KD,surface Fab-glycan biosensor) was then calcu-
lated by ForteBio Data Analysis 8.2 software (Pall ForteBio Corp., Menlo Park, 
CA, USA) and Microsoft Office Excel 2011 (Microsoft, USA). Surface KD 
(KD,surface Fab-glycan biosensor) was determined by 1:1 binding model from both steady 
state analysis and Scatchard plot and in triplicates.

Protein BLI inhibition assay (IC50): Fab-glycans were prepared at 1μM in 
10mM  HEPES buffer  pH7.4  in a large volume for protein inhibition assay. 
3′SLN(Tr33), 6′SLN(Tr36), 3′SDLN(Te175), and 6′SDLN(Te176) were pre-
pared in twofold serial dilution in water from 0,1.25, 2.5, 5, 10, 20, 40, to 80 mM. 
100 μL of 1μM Fab-glycan, 20 μL of prepared azido-glycan at its concentration, 
and 80μL of 10mM HEPES buffer pH7.4 were mixed and incubated at room 
temperature for 1 h. X-31 inhibition assay was performed on Octet Red 96 at 
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baseline time 120 s, association time 360 s, and dissociation time 240 s at shaker 
speed 1000 RPM at room temperature, in replicates of three. IC50 was calculated 
by using three-parameter dose-response inhibition model in GraphPad Prism 7 
(GraphPad, La Jolla, CA, USA).
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