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ABSTRACT
Chemoenzymatic synthesis of homogenous glycopeptides and glycoproteins using
bacterial endoglycosidases
John Giddens, Doctor of Philosophy, 2017
Dissertation Directed by: Lai-Xi Wang, Professor, Chemistry and Biochemistry

Chemoenzymatic synthesis of homogenous glycoproteins and glycopeptides using
bacterial endoglycosidases is a powerful approach that enables functional and structural
studies. This method requires a mutant enzyme, an activated glycan oxazoline donor, and
a GlcNAc glycoprotein or glycopeptide acceptor. The following dissertation describes
four projects that expand this method.
First, we described the purification of homogenous biantennary and triantennary
complex type N-glycans from natural sources: sialylglycopeptide from chicken egg yolk
and bovine fetuin respectively. The semi-synthesis of biantennary complex type
oxazoline from SGP was achieved along with the semi-synthesis of triantennary complex
type oxazoline from fetuin in high yields and purity. These glycans were then transferred
to Fmoc-Asparagine-GlcNAc-Fuc for further functional studies.
Next, we described the substrate specificity of a panel of endoglycosidases using
four glycoprotein substrates that have varying N-glycan types attached including high
mannose, hybrid, and complex type. Each glycoprotein was treated with PNGaseF to
release the all N-glycans and this profile was compared to the N-glycans released by each
endoglycosidase.

Next, we described the expression of endoglycosidase F3 and we tested its
hydrolytic activity on three glycoprotein substrates fibrinogen, IgG, and bovine fetuin.
Two glycosynthase mutants were generated using site directed mutagenesis, EndoF3
D165A and D165Q, and the ability of each to transfer SCTox to Fmoc-AsparagineGlcNAc-Fuc was investigated and compared to the WT enzyme. We were also able to
synthesize a homogenous triantennary glycoform of CD52 using our EndoF3 D165A
mutant in combination with our newly synthesized triantennary glycan oxazoline. Lastly,
we demonstrated the ability of EndoF3 D165A to synthesize homogenous glycoforms of
the monoclonal antibody rituximab, including a novel triantennary complex type form in
addition to biantennary complex type forms. The binding affinity of these glycoforms of
rituximab to Galectin-3 and FcγRIIIa was investigated with surface plasmon resonance.
Lastly, we described the EndoS mediated glycoengineering of homogenous
glycoforms of rituximab using newly generated EndoS D233A and D233Q glycosynthase
mutants. We demonstrated that EndoS could use both fucosylated and afucosylated
acceptor substrates making complex type glycoforms with and without fucose. The
binding affinity of these glycoengineered rituximab glycoforms to FcγRIIIa was
investigated with surface plasmon resonance.
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Chapter 1: Introduction to Glycoproteins
1.1 Introduction: Glycans and glycoconjugates
Biological life on Earth consists of four major classes of macromolecules: nucleic
acids, proteins, lipids, and carbohydrates. Together these biopolymers make up a cell and
perpetuate its continuation. While all four compounds are critical for biological life the
main focus of study into the cell and the biochemical reactions that take place within it
tends to be about proteins and nucleic acids. Indeed, many researchers are inclined to
simplify the cell to the central dogma of molecular biology, the flow of genetic
information from DNA to RNA to protein, leaving out the other two important classes of
biomolecules lipids and carbohydrates. One reason proteins and nucleic acids have been
the main focus of biomedical research is the ability to recreate these molecules in vitro as
their biosynthesis is based on a template making the manipulation of these molecules in a
laboratory setting relatively easy. The other two macromolecules that make up the cell
have been more challenging to study due to their innate complexity and the difficulty in
purifying homogenous populations. Both lipids and carbohydrate polymers do not rely on
a biological template that can be read and written but are controlled by a complex
interaction of multiple enzymes that are regulated by their expression level, subcellular
localization, their activity level, and substrate specificity. This non-template driven
synthesis makes the in vitro synthesis and purification of these compounds to be quite
challenging. The ability to synthesize a homogenous molecule in vitro and study its
properties and interactions allows for more detailed studies enabling a greater
understanding of its role in cellular processes. Biomedical researchers rely on this ability
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to recreate biochemical reactions to elucidate the specific interactions and pathways that
are involved in human health and disease progression.
Carbohydrates, which include monosaccharides, polysaccharides, and
oligosaccharides, are an important class of macromolecule. The term carbohydrate dates
back to the historical view that carbon containing compounds possessing hydrogen and
oxygen in the molar ratio of 2:1 had to be substances built up from carbon and water:
Cn(H2O)n. Later structural studies indicated that these groups of compounds were not
hydrates of carbon, but polyhdroxylated organic substances. The term carbohydrate is
now used interchangeably with saccharide, sugar, and glycan all meaning the same thing.
While carbohydrates are indeed most known for their importance as a major source of
metabolic energy they also play important roles as the structural components of the cell
wall and extracellular matrix and also are attached to proteins, lipids, and other
biomolecules that are involved in many biological processes. Monosaccharides typically
found in mammals and used throughout this dissertation are summarized in Figure 1
including both the chemical structure and symbolic representation used in most figures
and schemes.
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Figure 1. Common monosaccharides found in mammals
Ancient civilizations found many uses of carbohydrates in all aspects of their
lives. Some of the earliest evidence of carbohydrate use was by inhabitants of New
Guinea where archeological evidence indicates sugarcane domestication. This knowledge
was spread to southeast Asian, southern China, and India as these cultures cultivated
sugar in order to make use of its properties (1). Another prominent use of sugar in the
ancient world was fermentation to make alcoholic beverages along with making bread
rise (2). Others used polysaccharides such as cellulose for the production of papyrus to
3

write on, while starch and cotton were used for nutritional and clothing purposes
respectively (3,4). Due to its abundance in nature it is no surprise that the uses of
carbohydrates are plentiful and that early human civilizations made use of their
properties.
Even before the structures of carbohydrates and glycoconjugates were known
many studied interactions dealing with various carbohydrates and glycan binding
proteins. Some of the initial experiments dealing with carbohydrates focused on dealing
with monosaccharides and polysaccharides. These early carbohydrate chemists focused
on the extraction and characterization of these compounds. Chemists were able to deduce
the chemical structure and elements that made up carbohydrates: carbon, hydrogen, and
oxygen atoms. One of the early pioneers Hermann Emil Fischer was able to deduce the
stereoisomeric structure of glucose and other monosaccharides along with synthesizing
glucose, fructose, and mannose (5). This work and further work in the field led to his
eventual Nobel prize in chemistry in 1902. The field of carbohydrate chemistry continued
to grow and led to many other discoveries that led to eventual merging with biochemistry
to create a new field of glycobiology. During the early 1900s many studied proteins with
glycans although the exact linkage was still unknown at the time until the first defined
carbohydrate peptide linkage was discovered in 1961 by Neuberger et al. and almost
simultaneously by Nuenke et al. and Yamashina et al. These research groups determined
that an N-acetylglucosamine (GlcNac) moiety was attached to the protein via linkage to
an asparagine in the chicken egg protein ovalbumin (6-8). Since then other linkages have
been described to a variety of functional groups on different amino acids with the most
prevalent being N- and O-linked glycoprotein linkages to the amide nitrogen of
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asparagine and the hydroxyl oxygen of serine or threonine, respectively. These two
linkages are post translational modifications to proteins and are extremely abundant as
almost every secreted and membrane protein contains them. Glycosylation is indeed
plentiful in nature and found in almost all living organisms including organisms from all
domains of life: bacteria, archaea, and eukaryotes (9). The focus of this research is on Nlinked glycans which can be grouped into three types: oligomannose, complex, and
hybrid type (Figure 2). All N-linked glycans contain the core pentassachride, which
includes two inner GlcNac residues connected to a mannose residue via a β1-4 linkage
with two mannose residues connected to it via a α1,6 and α1,3 residues and they differ
based on the remaining terminal glycans attached where oligomannose glycans have a
total of 5-9 mannose residues and complex type glycans contain additional GlcNac,
galactose, and sialic acid monosaccharides. Hybrid type arises when there is a mixture of
both additional mannose and complex type glycans due to the biosynthesis process of Nglycans.

Figure 2. N-linked glycan types
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1.2 Importance of glycosylation
The importance of glycosylation has been realized increasingly in recent years as
many interactions have been shown to depend on their nature. Almost all secreted and
membrane bound proteins are glycosylated with a few exceptions such as macroglobulin
and galectins. This abundance of glycosylated proteins leads to a carbohydrate coat on
almost all cell types found in our bodies. In addition to glycoproteins other
glycoconjugates such as glycolipids, proteoglycans, and glycosaminoglycans are also
found on the cell matrix of different types of cells. In addition to carbohydrates covering
the surface of cells, nearly 70% of the plasma proteome is glycosylated. Due to their
abundance the roles carbohydrates play has been demonstrated in a wide variety of cell
activities including fertilization, development, cell adhesion, host-pathogen interactions,
and immune response (10-12). These roles can be based on the ability of glycans to
provide stability or structure to a glycoconjugate or can mediate a specific interaction
between a glycan and a glycan binding protein. Protein stability has been shown to be
improved by glycosylation from proteolytic degradation, pH denaturation, chemical
denaturation, heat denaturation, precipitation, and aggregation (13-18). Glycans can also
provide membrane structure by organizing plasma membrane domains and lipid rafts
(19). Other roles that glycosylation can play are direct glycan to glycan binding protein
which is important for cell to cell binding including viral and bacterial infection (20,21).
Due to their abundance and involvement in so many vital biological processes,changes in
glycan patterns and the absences of certain glycan modifying enzymes have been shown
and connected to many different diseases (22,23).
1.3 Aberrant glycosylation
6

Aberrant glycosylation has been correlated to many pathological disorders
including cancer, arthritis, and heart disease (24-26). The correlation of glycan changes
and how they relate to human health has been of interest for some time since the first
mention of glycan changes in a virus transformed cell line (27). Due to this correlation
many have been studying these glycan biomarkers of various disease and trying to
determine how they are linked to the disease progression and outcome (28,29). Many
studies suggest that these changes in glycosylation are not the direct cause of a disease
but simply an effect of the disease although certain examples do stand out where certain
modifications of glycan can initiate disease progression (30,31).
1.4 Biosynthesis of N-glycans in mammals
The biosynthesis of N-glycans, which takes place in the endoplasmic reticulum
and golgi, is controlled by many enzymes and leads to complex heterogeneous structures.
The biosynthesis of all mammalian N-glycans begins on the cytoplasmic face of the ER
membrane with the transfer of GlcNac-phosphate(P) from uridine diphosphate (UDP)GlcNAc to the lipid-like precursor dolichol phosphate (Dol-P) to produce dolichol
pyrophosphate N-acetylglucosamine (Dol-P-P-GlcNac) by the enzyme UDP-Nacetylglucosamine-dolichyl-phosphate N-acetylglucosaminephosphotransferase (32).
After this initiation step of adding GlcNac another GlcNac and five mannose residues are
added one by one by specific enzymes to give Man5GlcNAc2-P-P-Dol. This
oligosaccharide then flips across the ER membrane bilayer with the help of an enzyme
flippase and is further extended by other glycosyltransferases in the lumen of the ER to
produce the final N-glycan precursor Glc3Man9GlcNac2-P-P-Dol (33). This fourteen
sugar glycan is then transferred directly to the asparagine residue with the consensus
7

sequence of Asn-X-Ser/Thr in the polypeptide by a multisubunit protein complex named
oligosaccharyltransferase (OST) (34). After the attachment of the 14 sugar oligomannose
glycan, early processing steps by α-glucosidases I and II trim the glucose residues leaving
a Man9GlcNac2 structure (35,36). Further processing steps by α1,2 mannosidases in the
cis-Golgi produce Man5GlcNac2, although these steps are not always complete. Further
enzymatic reactions mediated by glycosyltransferases can add GlcNAc, Gal, GlcNAc,
Fuc, and Neu5Ac monosaccharides to produce a variety of hybrid and complex type Nglycans depending on the expression level and time the glycoprotein is retained in the
golgi (Figure 3). Due to this unpredictable nature and non-template driven synthesis the
final N-glycan composition is inherently heterogeneous.
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Figure 3. Biosynthesis of N-glycans
1.5 Glycans are used in biotechnology and medicine
The relationship between carbohydrates and glycoconjugates with human health
has been investigated by medical researchers for some time although the exact
mechanism behind the roles they play were not always completely understood. One of the
first examples of a medically relevant discovery related to carbohydrates was by Karyl
Landsteiner who described the differences in blood types allowing for donor matching
and successful blood transfusions (37). While the blood groups differ based on the
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attached glycan structure, the exact chemical composition was not elucidated until
decades later (38-40). Another historical example of glycoconjugate use in medicine is
the polysaccharide heparin. Heparin, first isolated by McLean and Howell, is one of the
oldest drugs that is still medically relevant in modern medicine (41,42). The structure of
heparin was eventually elucidated two decades later and used in the clinic shortly after.
Today the global annual sales of all different forms of heparin is estimated to be over $8
billion. Another early discovery related to glycans was the relationship between
pneumococcal serotype and capsular polysaccharide which allowed for Francis and Tillet
to show that intradermal immunization with serotype specific polysaccharide elected
antibodies against heterologous types of pneumococci species (43). Later Heidelberger
and coworkers showed that vaccination with the capsular polysaccharide could elicit
antibody-mediated immunity (44). The therapeutic vaccines based on this polysaccharide
have varied historically and have different uses in the clinic while the current vaccine
being produced the vaccine Pneumovax (PPV23) contains 23 different polysaccharides
from S. pneumonia (45). This idea of vaccination with carbohydrates has been continued
and currently many therapeutic vaccines based on carbohydrates are being studies and are
in clinical trials.
Indeed, carbohydrates plays an important part in biological medicine and understanding
how glycans and glycoconjugates can affect a drug and the human body are still
important areas of research today.
Currently there are over 60 recombinant glycoproteins approved by the FDA and
many others in clinical trials (46). Chief among these biopharmaceuticals are monoclonal
antibodies (mAbs) and Fc fusion proteins. These make up over 40% of the biotechnology
10

drug market and five of the top ten best selling drugs by revenue were monoclonal
antibodies in 2015 (47). The importance of the glycosylation of mAbs has been of great
interest to the biotechnology field and has drawn the attention of many researchers over
the past three decades. Fc glycans have been shown to be essential for the binding of IgG
to many receptors including Fc gamma receptors and complement factor c1q. The
complete removal of glycans from the Fc portion of IgG decreases the binding
significantly and certain glycan modifications have been shown to increase or decrease
binding (48-50). This decrease in affinity has been correlated to a decrease in effector
functions of IgG including antibody dependent cellular cytotoxicity (ADCC) and
complement dependent cytotoxicity (CDC). Although the N-glycans of IgG typically
contain biantennary complex type glycans a great deal of heterogeneity still exists due to
the addition of galactose and sialic acid to the terminal position in addition to the possible
addition of a bisecting GlcNAc and removal of the core fucose (Figure 4). Due to this
heterogeneity it is difficult to probe how small changes in the glycan pattern of IgG can
affect their function which has led to great interest into glycoengineering techniques. The
main focus of these studies have been on the increase in binding to the activating Fc
receptor, FcγRIIIa which was demonstrated in a cell line that lacked core fucose (51,52).
This increased binding directly increases the ADCC potential of the antibody leading to
increased killing of cells. Other studies have shown that sialyation of IgG especially IVIg
can increase the anti-inflammatory potential of IVIg reducing the dosage needed to treat a
variety of disorders in mice models (53,54).
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Figure 4. IgG heterogeneity
In order to study how each glycoform affects the protein structure and function
homogenous glycoproteins are needed. Methods for the production of homogenous
glycoproteins have been of great interest and difference approaches have been explored.
Methods range from more biological approaches such as genetic engineering of cell lines
to pure chemical methods such as total chemical synthesis. Others have used a
combination of both approaches and have focused on using enzymes in vitro to remodel
glycoproteins.
1.6 Glycoengineering cells to express homogenous glycoproteins
Researchers have explored genetic manipulation of a variety of cell types to
produce different glycosylation patterns (Figure 5). The production of more homogenous
glycoproteins is of general interest to glycobiology and also of specific interest to
biotechnology companies that have specific targets to achieve. Two major goals for
biotechnology companies have been to increase the terminal sialyation of glycoproteins,
which in turn can increase the half-life of various biological drugs and to decrease the
12

core fucosylation of antibodies which increases their binding to FcγRIIIa and
significantly increases ADCC. While these two targets are of most interest to
biotechnology companies other specific targets have been achieved and some research
labs have attempted to create systems that are able to produce almost any glycoform
desired. A short introduction and background on glycoengineering in different cell
expression systems follows with a particular focus on the glycoengineering of relevant
therapeutic glycoproteins.

Figure 5. Typical N-glycans produced by different types of cells
Mammalian Expression systems
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Mammalian expression systems are the most commonly used systems to express
glycoproteins both in research labs as well as pharmaceutical production due to their
ability to produce the most human like glycosylation patterns. The most commonly used
mammalian system for recombinant protein therapeutics is the Chinese hamster ovary
(CHO) cells as nearly 70% come from this cell line (55,56). CHO cells enjoy widespread
use due to the ease of transfection, the ability to achieve high cell densities, the low risk
for transmission of the human viruses, and the robustness towards pH, temperature,
oxygen level and pressure variations (57-59). Glycoengineering in mammalian
expression systems has been of interest since the 1980s. The first cell lines that had
modified glycan patterns were produced by random mutagenesis followed by selection
with various toxic plant lectins known to have specific glycan recognition patterns (60).
This approach produced Lec mutant cell lines with more specific glycosylation patterns
compared to the wildtype CHO cells (61-63). These Lec mutants have been studied in
more detail and are summarized in the following reviews (64). This approach has also
been used to generate Lec mutants in Human Embryonic Kidney (HEK) cells that restrict
glycosylation to Man5 or hybrid types (65,66).
Other work has been focused on glycosylation engineering by overexpressing or
knocking out a specific enzyme to change the downstream glycan pattern. One of the first
examples of this approach was shown by Bailey and Umana where they used transient
transfections to overexpress GlcNAc transferase III (GNTIII) (67,68). They were able to
significantly increase the level of bisecting GlcNac and later discovered that by
increasing bisecting GlcNac the level of core fucose also decreased leading to an increase
in ADCC activity (69-71). Their work led to the creation of the company Glycart which
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was purchased by Roche for over $200 million. Others have also targeted the FUT8 gene
which encodes the α1,6 fucosyltransferase by inhibiting its expression or knocking out
the gene using a variety of techniques including siRNA, genome editing techniques (zinc
finger nuclease, transcription activator like effectors (TALE), or clustered regularly
interspaced palindromic repeat (CRISPR) Cas9 systems), or just by using cells lines that
have low expression of FUT8 such as YB2/0 (72-75). The engineering of IgG to increase
ADCC activity has been an exciting field over the past few decades as monoclonal
antibody technology has been on the rise. The main emphasis has been on decreasing
fucose levels of monoclonal antibodies in order to increase ADCC activity but other
modifications have been studied as well increasing sialyation, glycosylation, and
increasing branching of complex type glycans by overexpressing GlcNAc transferases.
Currently there are many options of engineered cells lines to produce various glycoforms
in both CHO and HEK cell lines and with the available genomic editing tools we should
see an increase in use of these specialized cell expression systems.
Plant expression systems
Plants based expression systems have been of interest due to their ability to
produce large quantities in a cost effective manner without the need for large bioreactors
and other typical cell based expression system concerns. Although plants are capable of
expressing proteins from human origin the glycosylation patterns that plants produce are
very different than typical mammalian glycan patterns. Most complex type N-glycans
produced in plants contain terminal GlcNac residues, have β1,2 xylose residues attached,
and contain α1,3-fucose moieties to give typical structures of
GlcNac2Man3(β1,2Xyl)GlcNac2(α1,3fucose). These plant specific modifications are
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known to be immunogenic which led researchers to engineer plant systems that eliminate
the xylosylation and fucosylation to produce more human like glycans. These have been
accomplished in multiple plant species by knocking out xylosyltransferase and core
fucosyltranserase using both RNAi stable transformations, target knockout and T-DNA
knockout methods (76-78). Further work in plant expression systems have focused on
adding galactose and sialic acid moieties giving a more mammalian glycosylation pattern
(79-81). The future for plant based biological therapies is certainly promising and already
some plant based mAbs have been used in clinical trials (82,83).
Yeast expression systems
Yeast expression systems have been in use for some time and they produce
proteins in high quantities while being a much cheaper alternative to mammalian
expression. Yeast cells produce glycoproteins with hypermannosylation and do not have
the enzymes necessary to produce human glycosylation patterns. The first step in
producing human like glycans in yeast was to eliminate yeast specific hypermannose
glycoforms essentially knocking out the MNN1 gene. The next step is to replicate the
processing of the Man8GlcNac2 structure to Man5GlcNac2 by expressing the enzymes
required and making sure they are localized to the right subcellular compartment. At this
point various enzymes that add GlcNac, galactose, and sialic acid can be expressed or not
to produce various glycoforms (84,85). Hamilton et al. engineered Pichia pastoris to
express human glycoproteins with fully sialylated complex type N-glycans using
recombinant erythropoietin (EPO) as an example (86). This work by Gerngross and
coworkers resulted in the GlycoFi company which was later bought by Merck for $400
million.
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1.7 Synthesis of homogenous glycoproteins
The synthesis of homogenous glycoproteins has been an important area of research
over the past three decades. Researchers have approached the goal using a variety of
different techniques and methods including total synthesis, semi-synthesis, and
chemoenzymatic synthesis (Figure 6). The following will highlight some of the recent
progress using these methods.

Figure 6. Generic synthesis of glycoprotein using both chemical and enzymatic methods
Chemical synthesis of homogenous glycoproteins
One powerful method for producing homogenous glycoproteins is chemical
synthesis, which can enable synthesis of highly pure synthetic glycoproteins. The
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chemical synthesis of glycoproteins requires the ability to prepare glycosylated peptide
fragments efficiently, which is typically combined with native chemical ligation due to
the difficulty of synthesizing a peptide longer than 50 amino acids. The typical peptide
synthesis strategy employed is solid phase peptide synthesis (SPPS) using Fmoc
protecting groups under special conditions due to the susceptibility of some glyosidic
bonds to cleavage under standard conditions. Two different methods have been used to
build glycopeptide fragments: one uses a semi-synthetic method where glycan
preattached to an amino acid building block and the other relies on the chemical
conjugation of a glycan to the peptide backbone after SPPS. The first method pioneered
by Kajihara and coworkers relies on the purification of Asparagine linked glycans from
natural sources, typically chicken eggs or soybeans. These N-glycans are then protected
and used in SPPS to make homogenous glycopeptides on the milligram scale (87-89).
Recent advances have led to the synthesis of a few glycoproteins when combining this
method with native chemical ligation. Drawbacks include the limitation of size of the
glycoprotein, ability of the glycoprotein to refold back to its native state, and addition of
other posttranslational modifications. The second method pioneered by Danishevsky and
coworkers relies on the total synthesis of both the glycan using advance carbohydrate
chemical techniques and SPSS to synthesize glycopeptides (90-92). These glycopeptides
are connected to other peptide fragments using native chemical ligation to create a fully
synthetic glycoprotein (93,94). Recent advances of this method have enabled the total
synthesis of EPO and other glycoproteins (95). Drawbacks include the necessity of many
steps, the requirement of a substantial number of reagents, low overall yields, and a
requirement of expertise and specialized equipment. The scaling up of such a method is
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not feasible in most situations and will need improvements in order to become a viable
method for the average lab to use.

Chemoenzymatic synthesis of homogenous glycopeptides and glycoproteins by
bacterial endoglycosidases
The first mention of transglycosylation activity of endoglycosidase was shown by
Trimble et al. in 1986 when they found that EndoF, which at the time was thought to be
one enzyme but later was found to be a mixture of three enzymes, could release a Nglycan from a natural substrate and transfer the N-glycan to glycerol that was used as a
stabilizer (96). Later, Takegawa et al. demonstrated that EndoA also had
transglycosylation activity and used this enzyme to synthesize a collection of high
mannose glycoconjugates (97). Further research by Yamamoto et al. used a newly
discovered endoglycosidase, EndoM, to transfer complex type oligosaccharide from a
glycopeptide derived from human serum transferin to a GlcNac acceptor (98). The
researchers further demonstrated the transglycosylation activity of EndoM by
synthesizing a bioactive glycopeptide, glycosylated peptide T with a complex type glycan
(99). This new enzyme significantly broadened the library of glycopeptides that could be
synthesized adding the ability to make complex type glycopeptides on top of high
mannose and hybrid type glycopeptides. Further studies also demonstrated that these
endoglycosidases along with newly discovered endoglycosidase could be used to
synthesize many bioactive glycopeptides and glycoconjugates, but product hydrolysis

19

was always a concern and made high yields difficult to obtain when using natural
substrates (100-102). Subsequent studies explored the use of organic solvents and nonnatural glycan donors to decrease product hydrolysis and increase yield of the product
leading to increased yields (103-106). While these improved methods did indeed increase
yields they were still not ideal and were unable to completely eliminate the problem of
product hydrolysis leading to non-ideal yields.
Two important findings greatly increased the efficiency of this method of
endoglycosidase mediated chemoenzymatic synthesis: one being the use of an oxazoline
donor and the second being the use of glycosynthase mutants that lack hydrolytic activity
but retain transglycosylation activity. The exploration of an oxazoline donor was first
explored by Fujita et al. when they synthesized a disaccharide with a 1,2-oxazoline on the
GlcNac and probed the transglycosylation activity of EndoA and EndoM along with a
few other enzymes (107). They demonstrated that both EndoA and EndoM could transfer
this disaccharide to GlcNacβ1-O-pNP with good yields. Further work by Wang and
coworkers demonstrated the ability of EndoA to transfer both the disaccharide
(ManGlcNac) and pentasaccharide (Man3GlcNac) to an HIV gp41 peptide C34 with
yields of greater that 70% (108). This approach was also used to synthesize other
glycopeptides by the Wang lab and others with great success (109-113). The use of
oxazoline donor was proposed due to the substrate assisted mechanism that both
chitinases and endoglycosidases share. This mechanism involves an oxazolinium
intermediate which is the basis of the use of the oxazoline sugar which mimics this
intermediate structure (Figure 7).
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Figure 7. Mechanism of endoglycosidase hydrolysis and transglycosylation
The first combined use of these two methods was by Umekawa et al. in 2008 and
the first instance of the name glycosynthase mutant was used. In this paper the EndoM
mutant N175A was found to be excellent at using an oxazoline donor as a substrate and
showed decreased hydrolytic activity enabling the chemoenzymatic synthesis of a potent
anti-HIV glycopeptide with excellent yields >70% (114). Later studies showed how
EndoM and other endoglycosidases such as EndoA and EndoD could serve as excellent
glycosynthase mutants to enable the high yield synthesis of glycopeptides and
glycoproteins with overall yields approaching 90% (115-120).
More recently this chemoenzymatic synthesis was expanded to remodeling of IgG
Fc in seminal papers by our lab showing the ability of these glycosynthase mutants to
synthesize other glycoproteins (121,122). Some limitations to our method were apparent
due to the inability of EndoM or EndoA to act on fucosylated acceptors which is a
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common modification in human glycoproteins and is ubiquitous on human IgG Fc
glycans. This lead to the discovery of EndoD, EndoF1, EndoF2, and EndoF3 which were
all shown to be able to transfer to a fucosylated GlcNAc acceptor (118,123). While
EndoD was able to transfer to both a GlcNac and a GlcNAc Fuc acceptor it is only
capable of transferring Man5 or Man3 glycans and cannot transfer fully complex
glycoforms which are of the most interest for human glycoproteins (118). An exciting
breakthrough was discovered by our lab when it was shown that the endoglycosidase,
EndoS, could specificity recognize IgG allowing for the high efficiency transfer of
complex type glycans to both core fucosylated and afucosylated IgG Fc substrates. We
recently discovered two new glycosynthase mutants from EndoF3 and EndoS described
in chapter 4 and chapter 5 respectively.

1.8 Scope of the research
The main focus of this research is the chemoenzymatic synthesis of homogenous
glycopeptides and glycoproteins using bacterial endoglycosidases. At the beginning of
my research our lab had demonstrated the synthesis of glycoproteins using EndoM,
EndoA, and EndoD which have limited acceptor and substrate specificities. While EndoA
and EndoM are capable of transferring high mannose to ribonuclease B neither work well
on IgG. EndoM is able to transfer complex type glycans to glycopeptides and
ribonuclease B but is unable to transfer to a core fucosylated acceptor and does not work
well when IgG is the acceptor substrate. The last enzyme EndoD is able to transfer to
core fucosylated and non fucosylated acceptors but cannot transfer complex type glycans
only Man3 to Man5. In order to expand the ability of our method we wanted to expand our
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glycan oxazoline library, transfer complex type glycans to fucosylated acceptors, and
transfer glycans to intact monoclonal antibodies. In chapter 2, I discuss the purification of
N-glycans from natural sources including the optimization of SGP purification and the
synthesis of SCT and CTox, also the purification of STCTox and TCTox from bovine
fetuin purified from fetal bovine serum. In chapter 3, I discuss the history of
endoglycosidases including the substrate specificity of each enzyme and practical uses of
them followed by an investigation into the substrate specificity of each endoglycosidase
we express in the lab using four common glycoprotein substrates to probe their activity.
In chapter 4, I discuss the expression and purification of WT EndoF3 followed by the
synthesis of glycosynthase mutants D165A and D165Q using site directed mutagenesis.
With these new glycosynthase mutants we were able to synthesize core fucosylated
triantennary glycopeptides using CD52 as a model. Also, we demonstrated the unique
ability of EndoF3 glycosynthase mutant to synthesize triantennary glycoforms of IgG
using the monoclonal antibody rituximab as a model. We also investigate the binding
properties of these newly synthesized glycoforms of IgG with Galectin-3 and FcγRIIIa
using SPR. In chapter 5, I discuss the expression and purification of the endoglycosidase
S, EndoS, which is an endoglycosidase that cleaves glycans specifically from IgG. We
synthesized two glycosynthase mutants D233A and D233Q and demonstrate the ability
of these enzymes to transfer both SCT and CT to the monoclonal antibody rituximab.
Further work on EndoS mediated glycoengineering of IgG enabled the synthesis of both
fucosylated and non fucosylated glycoforms of IgG in high yields and mg quantities. We
investigated the affinity of these glycoforms to FcγRIIIa using SPR analysis. Lastly, we
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synthesized a homogenous disialo Fc fragment of rituximab for x-ray crystallography
studies in collaboration with Bjorkman lab.
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Chapter 2: Purification of complex type N-glycans from natural
sources
2.1 Introduction
Protein glycosylation is a fundamental biological process and is found in almost
all living organisms from bacteria to archaea to eukaryotes. While being essential to life,
protein glycosylation is incredibly complex and involves the interaction of many
enzymes throughout different compartments of the cell (9,124). Protein glycosylation
plays critical roles both in protein stability and protein structure thus affecting its function
(125,126). Due to the abundance of glycoproteins on the cell surface and in the blood
plasma they are involved in many biological recognition processes such as cell adhesion,
cancer progression, host-pathogen interactions, and immune responses (11,127-131).
Natural glycoproteins typically are present as complex mixtures of glycoforms, which
have the same peptide backbone but differ in the oligosaccharides attached (132). This
heterogeneity makes the purification and characterization of homogenous glycoproteins
challenging. Due to this issue many researchers have investigated difference strategies for
producing homogenous glycoproteins and glycopeptides using a variety of methods
including total chemical synthesis, semi-synthesis, and enzymatic synthesis.
Oligosaccharides are inherently complex and the purification of a homogenous
form can be quite challenging. Since a majority of glycoproteins exist in mixtures of
many glycoforms which vary depending on the species, cell type, and other factors it is
important to find a source with the least amount of heterogeneity to start a purification
from. The glycosylation pattern of many abundant glycoproteins have described and a
few glycoproteins have been shown to be ideal sources of N-glycans due to low
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heterogeneity. Researchers have used these N-glycans for a variety of studies as pure
glycoproteins can lead to important structural and functional investigations.
One method for the production of homogenous glycoproteins and glycopeptides,
the chemoenzymatic method using bacterial endoglycosidases, has been pioneered by our
lab. This endoglycosidase mediated transglycosylation requires the use of a mutant
enzyme, an acceptor protein or peptide with a free GlcNAc residue, and a glycan
oxazoline donor in order to achieve high yields. These glycan oxazolines are required in
large amounts as reactions require an excess of glycan oxazoline. Also the glycan
oxazoline needs to be pure and homogenous in order to synthesize glycoprotein products
with a specific glycoform (111,133). Typical reactions require an excess of glycan
oxazoline of 4- to 5-fold for glycopeptide acceptors and 10- to 30-fold for glycoprotein
acceptors requiring mg quantities (117-119,134). Methods to separate the released Nglycans have been explored and typically include a derivatization step in order to
facilitate purification. The derivatization typically is important in order to introduce a
chromophore or fluorophore enabling detection and to introduce hydrophobic groups that
can increase separation of oligosaccharides. While derivatization with certain glycan
labels is a powerful method there are several drawbacks and limitations including cost,
derivatization yield, inability to remove the derivatization group, and time. These
drawbacks and limitations that have lead our lab to find sources that are relatively
homogenous in order to purify free natural N-glycans.
The three main types of N-glycans include high mannose, hybrid, and complex
type. Our lab has made use of two main sources for N-glycans over the past decade. One
being the N-glycans from soybean agglutinin (SBA) which contain mostly Man9 and the
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other being sialylglycopeptide (SGP) from chicken egg yolks which contains sialylated
biantennary complex type glycans (115,135-137). From these two sources we have made
both Man9 and Man5 from SBA and sialylated and asialylated complex type glycans
(SCT and CT) from SGP in milligram quantities and greater than >95% purity. My
research focused on the purification and transfer of complex type glycans and, thus, the
first main goal was to find a way to streamline the SGP purification process in order to
facilitate the purification of large quantities (gram scale) in a laboratory setting. Previous
methods relied on many steps leading to a long preparation time and they also required
the use of chemical denaturation with phenol which was undesirable. Due to the natural
abundance of monosialyated complex type glycans that are found in SGP the final
oxazoline product tends to have anywhere from 5 to 10% of contaminating
monosialyated material depending on the source of the chicken egg and preparation of
the batch. These monosialyated glycans were typically included in the oxazoline reaction
and lead to heterogeneity that was not desirable. This lead us to explore methods to
eliminate these impurities to obtain a more homogenous disialo biantennary complex
type glycan (SCT) in order to enable the synthesis of homogenous glycoproteins. While
our lab has had success in the purification and transfer of biantennary complex type
glycans at the time of this research no one had explored the transfer of more complex
type glycans such as triantennary and tetraantennary glycans. The last goal was to find a
suitable natural source of triantennary complex type glycans and to purify a trisialyated
complex type (STCT) form and to also make a asialo triantennary glycan form (TCT) in
order to expand our library of glycan oxazolines.
2.2 Results and Discussion
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Purification of SGP from chicken egg yolk
The first purification of SGP was described by Seko et al. in 1997 where they
describe the purification and characterization of a sialylglycopeptide that they extracted
from chicken egg yolk (136). The purification was achieved using a phenol denaturation
step followed by a chloroform extraction method. This was followed by centrifugation,
lyophilization, and multiple chromatographic steps. While this method does produce pure
SGP in large quantities it has a few drawbacks including use of dangerous organic
chemicals, large working volume, and overall very arduous and time consuming. Since
this original publication other researchers have explored methods to improve this
purification process and several patents have been published as well (138-142). These all
rely on similar principles but typically are meant for more organic chemistry minded labs
as they tend to use harsh organic compounds and many chromatographic steps. Our lab
wanted to create an optimized procedure using simple techniques that reduce time,
volume, use of dangerous organic compounds, and generally decrease the difficulty of the
procedure. We explored a variety of techniques to denature and separate the bulk protein
and lipid components form the soluble compounds. When thinking of simple irreversible
denaturation techniques heating proteins is one of the most basic ideas known to
biochemists (143). We found that a simple skillet could be used to heat an egg yolk/
water mixture to produce a solid protein/ lipid mixture while other small compounds and
soluble peptides were still found in the aqueous solution. Starting with 60 chicken eggs,
we separated the yolks from the white and obtained 950 mL of egg yolk solution. We
then added 2 volumes of ddH2O to the solution and mixed thoroughly to obtain a diluted
egg yolk solution. The solution was heated in an electric skillet at 200 °C for 30 minutes
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and the solution was filtered with a strainer. Following this we used a centrifugation step
(7500 rpm for 60 minutes) and rotary evaporation step to obtain 400 mL of concentrated
partially purified SGP solution. Due to the concentration another centrifugation step
enables the separation of a small solid pellet and a lipid layer at the top of the solution. At
this point the concentrated solution can be treated with an excess of acetone (at least 4
equivalents) to precipitate the SGP along with other impurities. The acetone layer also
extracts some organic compounds noticeably reducing the yellow color of the
concentrated solution. The precipitate containing the SGP was resolublized in 200 mL of
ddH2O. Some of the other components are unable to be resolublized, possibly due to
irreversible acetone denaturation. After a short shaking period the slightly off white
solution can be centrifuged and the soluble supernatant contains the partially purified
SGP. The excess water can be evaporated under reduced pressure leading to a final
concentrated SGP solution of 20 mL. After a short centrifugation step the SGP can be
purified using RP HPLC on the semi-preparative scale using a C18 column. The SGP 1
elutes around 30 minutes when using a shallow gradient 0-10%ACN in 60 minutes. The
purity of SGP can be confirmed using HPAEC-PAD which shows a main peak at 16 min
and some monosialyated SGP peaks around 9.5 mins (Figure 8). The ESI-MS of the
purified SGP shows the expected peaks of 1434.2 and 956.4 corresponding to the
[M+2H]2+ and [M+3H]3+ peaks in good agreement with previous findings and the
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calculated theoretical mass of 2866. (Figure 9).

Figure 8. HPAEC-PAD of purified SGP

Figure 9. ESI-MS of purified SGP 1
Optimization of the semi-synthesis of SCTox and CTox from SGP
Previously our lab had purified SCTox and CTox from SGP in milligram quantity
and >90% purity but both compounds still contained a small amount of impurities due to
some monosialyated N-glycans. Due to the importance of having homogenous glycan
oxazolines, we investigated methods to optimize the purification process in order to
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eliminate the monosialyated N-glycans from our final product. We performed the semisynthesis of sialylated biantennary complex type glycan oxazoline (SCTox) and
biantennary complex type glycan oxazoline (CTox) using the following scheme depicted
in Figure 10.

Figure 10. Scheme of the semi-synthesis of SCTox and CTox from SGP
Once SGP 1 has been purified in the appropriate scale the N-glycans from the
glycopeptide can be cleaved and purified. A typical reaction scale of 100 mg of SGP is
described as follows: First an endoglycosidase capable of cleaving the complex type Nglycans from SGP is added to the previously dissolved SGP mixture. To date our lab has
shown SGP can be cleaved by a number of endoglycosidases that we routinely express in
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the lab including EndoM, EndoF2, EndoF3, and EndoS/S2 in descending order of relative
activity. While each have different activity and pH optimums the choice for the
endoglycosidase is not particularly important and mostly is dependent on which enzyme
is available in the quantity needed. The reaction progress was monitored by HPAECPAD and shows almost complete cleavage after overnight incubation (SGP (Figure 11).
After cleavage the N-glycans need to be purified away from the peptide portion of the
SGP and from the enzyme and salts. While there are a few different techniques capable of
this task the most efficient and practical method was found to be to run the mixture over a
semi-preparative C18 reversed phase column. The glycans and salts run straight through
and have little to no binding affinity for the column while the peptide and enzyme will be
bound to the reversed phase column. After testing the fractions using a sulphuric acid
spot test, the fractions containing glycan are pooled and also confirmed using HPAECPAD. The pooled fractions are lyophilized and then desalted using a Sephadex G-15
column eluting with ddH2O. Again the fractions are tested for glycan and pooled. These
pooled desalted free N-glycans now contain both mono and disialyated complex type
glycans so in order to get a pure disialyated N-glycan the mono sialylated glycans need to
be purified away. The glycan mixture can be passed over a HiTrap Mono Q FF column
on a FPLC system and the two charged species can be separated using a NaCl gradient
resulting in a pure disialo complex type glycan (SCT) 2. After pooling and lyophilization
this SCT glycan was treated with sialidase to cleave off both terminal sialic acid residues
resulting in a pure biantennary complex type glycan terminating in galactose (CT) 3.
Both the SCT 2 and CT 3 were then converted into glycan oxazolines in aqueous solution
with triethylamine (TEA) and 2-Chloro-1,3-dimethylimidzaolinium chloride (DMC) and
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the final products SCTox 4 and CTox 5 respectively were purified away from the
reaction and can be recovered in quantitative yields. HPAEC-PAD analysis reveals the
complete conversion into oxazoline sugars with the typical upward shift in retention time
due to the modified reducing end GlcNAc residue. (Figure 12).

Figure 11. HPAEC-PAD analysis of the cleavage of SGP. A: Before the addition of
EndoM (SGP elutes around 15.5 min); B: After the addition of EndoM (SCT glycan
elutes at 20.5 min)
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Figure 12. HPAEC-PAD analysis of free glycan and glycan oxazolines. A) SCT; B) CT;
C) SCTox; D) CTox.
2.23 Semi-synthesis of Asialo Triantennary Complex Type Glycan Oxazoline
Previous studies have shown that EndoF3 can efficiently cleave fucosylated
triantennary complex type N-glycans (144). The potent hydrolytic activity on branched
complex N-glycans led us to investigate whether the glycosynthase mutants derived from
EndoF3 are able to transfer triantennary N-glycans. For this purpose, we carried out a semisynthesis of sialylated and asialo triantennary complex type glycan oxazoline (STCTox
and TCTox respectively) starting from the isolation of the N-glycans from bovine fetuin, a
natural glycoprotein that carries sialylated biantennary and triantennary N-glycans. The
synthetic scheme was summarized in Figure 13.
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Figure 13. Scheme of semi-synthesis of sialo and asialo triantennary complex type glycan
oxazoline
Previously the components and structures of N-glycans from bovine fetuin have
been well characterized by chromatographic separation, HPAEC-PAD analysis, and
detailed NMR studies (145-148). The majority (>80%) of the N-glycans were triantennary
N-glycans with varying degrees of α2,6 and/or α2,3-sialylations at the terminus. For a
relatively large scale preparation, we first purified bovine fetuin on the gram scale from
fetal bovine serum using a previously reported method with some modifications (149). The
N-glycans were released from bovine fetuin using EndoF3 WT and were partially purified
by acetone precipitation and extraction with 60% methanol (150,151). The crude N-glycans
showed multiple peaks on HPAEC-PAD with four major peaks as the triantennary Nglycans carrying 2-3 sialic acids in isomeric α2,3- and α2,6 linkages (Figure 14A). After
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desalting on a Sephadex G-25 column and then further purification by ion-exchange
chromatography using a HiTrap DEAE FF column, fractions that contained the trisialylated triantennary glycans were pooled and then desalted using a Sephadex G-25
column giving two major tri-sialylated triantennary complex type N-glycan isomers
differing only in the linkage of the sialic acid on the 6’ mannose arm (6) (Figure 14B). The
assignment of the peaks was based on a detailed HPAEC-PAD analysis of fetuin N-glycans
previously reported (145,147). The isomeric nature of the sialylated N-glycans was
confirmed with ESI-MS analysis showing m/z species at 893.8 and 1340.01, respectively,
corresponding to the [M+3H]3+ and [M+2H]2+ species (calculated, M = 2677.39) (Figure
15A). Desialylation of 6 with sialidase gave the asialo triantennary N-glycan (TCT) (7) as
a single species with >95% purity (Figure 14C). The only minor (<5%) contamination
could be attributed to a triantennary N-glycan isomer that contains an isomeric α1,3
galactose linkage, on the basis of the assignment previously reported (145-147). ESI-MS
analysis confirmed the cleavage of the sialic acids and the observed single species at m/z
902.46 corresponding to [M+2H]2+ is in good agreement with the calculated molecular
mass (M =1803.64) (Figure 15B). The triantennary N-glycans (6 and 7) were converted
into the corresponding glycan oxazolines (8 and 9) in a single step by treatment with excess
of 2-chloro-1,3-dimethylimidazolinium chloride (DMC) and triethylamine in water,
following the previously reported procedures (152-154). The reaction was monitored by
HPAEC-PAD and the product formation was found to be essentially quantitative. HPAECPAD analysis clearly showed a shift of approximately 3 min in retention time as the
oxazoline derivative eluted before the free sugar (Fig. 14D and 14E). The product was
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purified from the reaction mixture by gel filtration on a Sephadex G15 column under basic
conditions.

Figure 14. HPAEC-PAD analysis of N-glycans from bovine fetuin cleaved by EndoF3. A)
the profile of all N-glycans from bovine fetuin; B) purified sialylated triantennary complex
type glycan; C) purified asialo triantennary complex type glycans; D) sialayated
triantennary complex type oxazoline; E) asialo triantennary complex type oxazoline
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Figure 15. ESI-MS analysis of triantennary N-glycans. A) STCT; B) TCT free glycans.
The identities of the STCT glycan (6) and the TCT glycan (7) and the corresponding
glycan oxazolines (8 and 9) were further characterized by 2D 1H/13C HSQC NMR analysis
(Figure 16). The NMR signal assignments (Figure 16A and 16B) of glycan 6 and 7 were
in good agreement with a similar triantennary derivative with two GlcNAc moieties at the
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reducing

terminus (148) and the results further confirmed the homogeneity of the

asialylated triantennary N-glycan (7). The results also confirmed the ratio of isomers of
glycan 6 to be roughly 1:1 with the upper branch containing a mixture of 2,3 and 2,6 sialic
acid on the terminus. The 2D 1H/13C HSQC spectrum (Figure 16C and 16D) of glycan
oxazolines 8 and 9 clearly showed the expected downfield shift of the reducing end
anomeric proton to 6.1 ppm with a J1,2 coupling constant of 7.3 Hz, which is a signature
for the anomeric proton of sugar oxazolines.

Figure 16A. 2D 1H/13C HSQC NMR analysis of STCT free glycan
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Figure 16B. 2D 1H/13C HSQC NMR analysis of TCT free glycan
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Figure 16C. 2D 1H/13C HSQC NMR analysis of STCTox

Figure 16D. 2D 1H/13C HSQC NMR analysis of TCTox
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2.23 Transfer of STCT and TCT glycan to Fmoc Asn GlcNAc-Fuc
With these four types of complex type glycan oxazolines (4,5,8, and 9) in hand we
wanted to test the transglycosylation ability of EndoF3 D165A mutant using the standard
Fmoc Asn GlcNAc Fuc acceptor (10). Under standard reaction conditions with an excess
of 4 mol eq. of glycan oxaozline each reaction was greater than 90% complete after 1 hour
with the reaction being monitored by HPLC and the final products confirmed using ESIMS (Figure 17).

Figure 17. Scheme of Fmoc Asn GlcNAc Fuc remodeling using EndoF3 D165A
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Both biantennary complex type glycans were transferred to the acceptor to give fucosylated
SCT-Asn Fmoc (11) and fucosylated CT-Asn Fmoc (12) with an ESI-MS of 1354.04 and
903.24 for 11 corresponding to the M+2 and M+3 peaks and an ESI-MS of 1062.9 and
708.9 for 12 corresponding to the M+2 and M+3 peaks all in good agreement with the
calculated mass (Figure 18A and 18B). Also the triantennary complex type glycans were
efficiently transferred to the acceptor to give the fucosylated STCT-Asn Fmoc (13) and
fucosylated TCT-Asn Fmoc (14) with an ESI-MS of 1682.06 and 1122.05 for 13
corresponding to the M+2 and M+3 peaks and an ESI-MS of 1245.6 and 830.7 for 14
corresponding to the M+2 and M+3 peaks all in good agreement with the calculated mass
(Figure 18C and 18D).

Figure 18. LC-ESI-MS analysis of Fmoc GlcNAc Fuc complex type products
2.3 Conclusion
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The ability to purify milligrams quantities of homogenous N-glycans from natural
sources is vital for the study of glycoprotein function. We have developed methods to
purify both biantennary and triantennary complex type glycans on the mg scale using
abundant natural sources (SGP and Bovine Fetuin). The purification of SGP from
chicken egg yolks was optimized and streamlined in order to purify it on the large scale
(hundreds of mg to a gram). The semi-synthesis of SCTox and CTox was modified by
adding an ion exchange step to increase the purity of the final product by eliminating the
monosialyated glycans that have been previously reported. Additionally, novel
triantennary glycan oxazolines were semi-synthesized starting with the purification of Nglycans from bovine fetuin. A pure tri-sialylated triantennary complex type glycan was
isolated from the N-glycan mixture by ion exchange and was converted into STCTox and
after treatment with neuraminidase TCTox could also be generated. To demonstrate the
purity and usefulness of these homogeneous glycan oxazolines we used the
glycosynthase mutant EndoF3 D165A to transfer each oxazoline to the acceptor Asn
Fmoc GlcNAc Fuc. These pure glycan oxazolines can be used to synthesize various
glycopeptides and glycoproteins leading, which will enable functional and structural
studies.
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2.4 Experimental Procedures
Materials
Fetal Bovine Serum was purchased from Sigma. EndoF3 and EndoF3 D165A
mutant were expressed and purified following the reported procedure. EndoM was
expressed following the reported procedure. EndoM and EndoF3 WT were expressed
following previously published procedures (115,155).
High-performance liquid chromatography (HPLC)
Anayltical RP chromatography was perfromed on a Waters 626 HPLC instrument
and a Symmetry 300 C18 column (5.0 µm, 4.6 x 250 mm) at 40°C. The Symmetry300 column
was eluted with a linear gradient of acetonitrile (MeCN) (0-60%) containing TFA (0.1%) over 30
min at a flow rate of 1.0 mL/min.
Semi-preparative RP chromatography was performed on a Waters HPLC instrument and
a C18 column at at 40°C. The C18 column was eluted with a 2% CAN gradient of acetonitrile
(MeCN) containing TFA (0.1%) over 30 min at a flow rate of 12.0 mL/min.
Liquid Chromatography Mass spectrometry (LC-ESI-MS) of free glycan and glycopeptides
LC-MS was performed on a LXQ Linear Ion Trap with an Agilent Poroshell 300SB-C8
column (5 µm, 75 x 1 mm). The analysis was performed at 30 °C eluting with a linear gradient of
0-10% MeCN containing 0.1% formic acid within 10 min at a flow rate of 0.40 mL/min.
High-Performance Anion-Exchange Chromatography coupled with Pulsed Amperometric
Detection (HPAEC-PAD)
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HPAEC-PAD was performed on a Dionex DX600 or Dionex ICS-5000 chromatography
system (Fischer Scientific) equipped with an electrochemical detector (ED50) and an anion
exchange column (CarboPac PA100 4 x 250mm or CarboPac PA200, 4 x 250mm). The mobile
phase (flow rate, 0.5 mL/min) was composed of 100 mM NaOH (eluent A), and 250 mM NaOAc/
100 mM NaOH (eluent B). The gradient used was as follows: 0 min, 49.5% eluent A, 0.5% eluent
B, 50% eluent C; 10.0 min, 45% eluent A, 5% eluent B, 50% eluent C; and 50.0 min, 27.5% eluent
A, 22.5% eluent B, and 50% eluent C.

Semisynthesis of sialylated biantennary complex type oxazoline
A semisynthesis of sialylated biantennary complex type oxazoline (SCTox) was achieved
using SGP as the starting material. The N-glycans of SGP, which include both disialyated and
monosialyated biantennary complex type glycans, were cleaved using EndoM WT and purified
using the RP-HPLC C18 column (Waters) followed by gel filtration using G15 resin (Sigma) and
ion-exchange using a HiTrap DEAE-Sepharose FF (GE Healthcare) column. In more detail, the
EndoM WT and cleaved SGP were passed over a C18 RP HPLC column using a gradient of 0 to
10% ACN for 30 mins. The flow through fractions were tested for the presence of free sugar and
the identity of the sugar was confirmed using ESI-MS. The fractions containing the disialyated
biantennary glycans were used as the starting material for the semisynthesis. Sialylated

biantennary glycan (25 mg) and 2-chloro-1,3-dimethylimidazolinium chloride (DMC,
31.67 mg) were dissolved in 100 µl of water at 4°C. Then Et3N (73.05µL) was added and
the mixture was stirred at 4°C for 30 min. The reaction was monitored by HPAEC-PAD
which confirmed the completion of the reaction. The reaction solution was subjected to
gel filtration on Sephadex G-15 column eluted with water containing 0.1% Et3N. The
fractions containing the SCTox were combined and lyophilized to give the SCTox 8 as a
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white powder (24.7 mg, quantitative yield). The SCTox was resuspended with a 20 mM
solution of NaOH ensuring an alkaline solution for the stability of the oxazoline.
Semisynthesis of asialo biantennary complex type oxazoline
A portion of the disialyated biantennary glycan 6 was treated with neuraminidase
(NEB) in 50 mM sodium citrate buffer pH 6.0 at 37 °C for 16 hours. The reaction
progress was monitored by HPAEC-PAD and ESI-MS which confirmed complete
desialylation. After digestion the solution was subjected to gel filtration on a Sephadex
G-15 column eluted with water. The purified asialo biantennary glycan 7 (25 mg) and
DMC (44.64 mg) were dissolved in 100 uL of water at 4 °C. Then 103 µL Et3N was
added and the mixture was stirred at 4 °C for 30 min. The reaction was monitored by
HPAEC-PAD which confirmed the completion of the reaction. The reaction solution was
subjected to gel filtration on a Sephadex G-15 column and eluted with water containing
0.1% Et3N. The fractions containing the TCTox were combined and lyophilized to give
the TCTox as a white powder (23.9 mg). The TCTox 9 was resuspended in a 20 mM
solution of NaOH ensuring an alkaline solution for the stability of the oxazoline.
Semisynthesis of sialylated triantennary oxazoline
A semisynthesis of the sialylated triantennary oxazoline was achieved using
bovine fetuin N-glycans as the starting material. The N-glycans of fetuin, which include
both biantennary and triantennary complex type glycans, were cleaved using EndoF3 and
purified using the acetone/methanol selective precipitation method (156). The purified
glycans which contain small amounts of impurities were first desalted on a Sephadex
G25 (Sigma) column and further purified using ion-exchange chromatography on a
DEAE-Sepharose (GE Healthcare) column using a NaCl gradient of 0 to 100mM over 60
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minutes at a flow rate of 1ml/min. Each peak was separately desalted on a Sephadex G25
column (Sigma) and the purity of each fraction was determined by HPAEC-PAD. The
fractions containing tri-sialylated triantennary glycans 6 were used as the starting
material for the semisynthesis. Sialylated triantennary glycan (25 mg, 9.3 µmol) and 2chloro-1,3-dimethylimidazolinium chloride (DMC, 22.17 mg) were dissolved in 100 µl
of water at 4°C. Then Et3N (51.14 µL) was added and the mixture was stirred at 4°C for
30 min. The reaction was monitored by HPAEC-PAD which confirmed the completion of
the reaction. The reaction solution was subjected to gel filtration on a Sephadex G-15
column eluted with water containing 0.1% Et3N. The fractions containing the STCTox
were combined and lyophilized to give the STCTox 8 as a white powder (24.7 mg,
quantitative yield). The STCTox was resuspended with a 20 mM solution of NaOH
ensuring an alkaline solution for the stability of the oxazoline.
1

H NMR (D2O, 950 MHz) of STCT free glycan 6: δ 5.22 (H-1 of GlcNac 2α), 5.14 (H-1

of α-Man 4), 4.95 (H-1 of α-Man 4’), 4.92 (H-1 of α-Man 4’) 4.77 (H-1 of β-Man), 4.60
(H-1 GlcNAc 5’,5), 4.54 (H-1 of Gal 8 ,6’6), 4.44 (H-1 of Gal 6, 6’3) 2.77 (H-3ax of
sialic acid), 2.68 (H-3ax of sialic acid), 2.06 (NAc GlcNAc 5,7,7’), 2.03 (NAc Neu5Ac),
1.81 (H-3eq Neu5Ac), 1.73 (H-3eq Neu5Ac)
13C NMR (D2O, 239 MHz) of STCT free glycan 6: δ 100.01 (H-1 of oxazoline), 99.12
(H-1 of α-Man4), 96.60 (H-1 of α-Man4’), 101.38 (H-1 of β-Man), 99.46 (H-1 GlcNAc
5’), 99.46 (H-1 GlcNAc 5,7), 102.49 (H-1 of Gal 6’3,8), 103.59 (H1-Gal6,6’6), 39.60 (H3ax of sialic acid), 40.02 (H-3ax of sialic acid), 22.10 (NAc), 39.61 (H-3eq sialic acid),
40.03 (H-3eq sialic acid)
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1

H NMR (D2O, 950 MHz) of oxazoline 8: δ 6.10 (H-1 of oxazoline), 5.13 (H-1 of α-

Man4), 4.94 (H-1 of α-Man4’), 4.75 (H-1 of β-Man), 4.63 (H-1 GlcNAc 5’), 4.60 (H-1
GlcNAc 5,7), 4.55 (H-1 of Gal 6’3,8), 4.45 (H1-Gal6,6’6), 2.77 (H-3ax of sialic acid),
2.68 (H-3ax of sialic acid), 2.06 (NAc GlcNAc 5,7,7’), 2.03 (NAc Neu5Ac 1.81 (H-3eq
Neu5Ac), 1.73 (H-3eq Neu5Ac)
13C NMR (D2O, 239 MHz) of oxazoline 8: δ 100.01 (H-1 of oxazoline), 99.12 (H-1 of αMan4), 96.60 (H-1 of α-Man4’), 101.38 (H-1 of β-Man), 99.46 (H-1 GlcNAc 5’), 99.46
(H-1 GlcNAc 5,7), 102.49 (H-1 of Gal 6’3,8), 103.59 (H1-Gal6,6’6), 39.60 (H-3ax of
sialic acid), 40.02 (H-3ax of sialic acid), 22.10 (NAc), 39.61 (H-3eq sialic acid), 40.03
(H-3eq sialic acid)
Semisynthesis of Triantennary Oxazoline
A portion of the trisialylated triantennary glycans 6 was treated with
neuraminidase (NEB) in 50 mM sodium citrate buffer pH 6.0 at 37 °C for 16 hours. The
reaction progress was monitored by HPAEC-PAD and ESI-MS which confirmed
complete desialylation. After digestion the solution was subjected to gel filtration on a
Sephadex G-25 column eluted wtih water. The purified asialo triantennary glycan 7 (25
mg) and DMC (35.22 mg) were dissolved in 100 uL of water at 4 °C. Then 81.25 µL
Et3N was added and the mixture was stirred at 4 °C for 30 min. The reaction was
monitored by HPAEC-PAD which confirmed the completion of the reaction. The
reaction solution was subjected to gel filtration on Sephadex G-15 column eluted with
water containing 0.1% Et3N. The fractions containing the TCTox were combined and
lyophilized to give the TCTox as a white powder (23.9 mg). The TCTox 9 was

49

resuspended in a 20 mM solution of NaOH ensuring an alkaline solution for the stability
of the oxazoline.
1

H NMR (D2O, 950 MHz) of TCT free glycan 7: δ 5.21 (H-1 of GlcNac 2α), 5.13 (H-1 of

α-Man 4), 4.93 (H-1 of α-Man 4’), 4.77 (H-1 of β-Man), 4.72 (H-1 of GlcNac 2β), 4.58
(H-1 GlcNAc 5’,5), 4.55 (H-1 of GlcNac 7), 4.47 (H-1 of Gal 6’,6,8), 4.23 (H-2 of Man
4), 4.23 (H-2 of Man 3), 4.12 (H-2 Man 4’), 2.08 (NAc GlcNAc 2,7), 2.05 (NAc GlcNAc
5,5’)
13C NMR (D2O, 239 MHz) of TCT free glycan 7: δ 90.51 (C-1 of GlcNac 2α), 99.21 (C1 of α-Man4), 97.08 (C-1 of α-Man4’), 101.51 (C-1 of β-Man), 94.96 (C-1 of GlcNac
2β), 99.49 (C-1 GlcNAc 5’,5), 103.00 (C-1 of Gal 6’,6,8), 76.05 (C-2 of Man 4), 70.22
(C-2 of Man 3), 76.31 (C-2 Man 4’), 22.22 (NAc GlcNAc 2,7), 22.38 (NAc GlcNAc
5,5’)
1

H NMR (D2O, 950 MHz) of TCT oxazoline 9: δ 6.11 (H-1 of GlcNac 2α), 5.12 (H-1 of

α-Man 4), 4.96 (H-1 of α-Man 4’), 4.74 (H-1 of β-Man), 4.62 (H-1 GlcNAc 5), 4.58 (H-1
GlcNAc 5’), 4.56 (H-1 of GlcNac 7), 4.48 (H-1 of Gal 6, 6’3,8), 2.06 (NAc GlcNAc
2,5,7,7’)
13C NMR (D2O, 239 MHz) of TCT oxazoline 9: δ 100.01 (C-1 of oxazoline), 99.12 (C-1
of α-Man4), 96.60 (C-1 of α-Man4’), 101.38 (C-1 of β-Man3), 99.46 (C-1 GlcNAc 5’),
99.46 (C-1 GlcNAc 5,7), 102.9 (C-1 of Gal 6,6’,8), 22.37 (NAc GlcNAc 2,5,7,7’)
Transglycosylation of Fmoc-Asn (Fuc 1,6 GlcNAc)-OH with SCTox
A solution of SCTox (100 µg), Fmoc Asn GlcNAc (Fuc)-OH (10) (1ul, 10mM),
and EndoF3 D165A (1.5ug) was incubated at 30°C in 100 mM NaPB pH 7.0. Aliquots of
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0.5 ul were taken at 20 min intervals and the reaction was quenched with 0.1% TFA. The
reaction was monitored using reverse-phase HPLC analysis. Product formation was
confirmed using ESI-MS showing a peaks of 1354.04 and 903.24 corresponding to the
M+2 and M+3 peaks (Calculated M = 2705.7 da)
Transglycosylation of Fmoc-Asn (Fuc 1,6 GlcNAc)-OH with CTox
A solution of CTox (100 µg), Fmoc Asn GlcNAc (Fuc)-OH (10) (1ul, 10mM),
and EndoF3 D165A (1.5ug) was incubated at 30°C in 100 mM NaPB pH 7.0. Aliquots of
0.5 ul were taken at 20 min intervals and the reaction was quenched with 0.1% TFA. The
reaction was monitored using reverse-phase HPLC analysis. Product formation was
confirmed using ESI-MS showing a peaks of 1062.9 and 708.9 corresponding to the M+2
and M+3 (Calculated M = 2123.5 da)
Transglycosylation of Fmoc-Asn (Fuc 1,6 GlcNAc)-OH with STCTox
A solution of STCTox (100 µg), Fmoc Asn GlcNAc (Fuc)-OH (10) (1ul, 10mM),
and EndoF3 D165A (1.5ug) was incubated at 30°C in 100 mM NaPB pH 7.0. Aliquots of
0.5 ul were taken at 20 min intervals and the reaction was quenched with 0.1% TFA. The
reaction was monitored using reverse-phase HPLC analysis. Product formation was
confirmed using ESI-MS showing a peaks of 1682.06 and 1122.05 corresponding to the
M+2 and M+3 (Calculated M = 3361.9 da)
Transglycosylation of Fmoc-Asn (Fuc 1,6 GlcNAc)-OH with TCTox
A solution of TCTox (100 µg), Fmoc Asn GlcNAc (Fuc)-OH (10) (1ul, 10mM),
and EndoF3 D165A (1.5ug) was incubated at 30°C in 100 mM NaPB pH 7.0. Aliquots of
0.5 ul were taken at 20 min intervals and the reaction was quenched with 0.1% TFA. The
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reaction was monitored using reverse-phase HPLC analysis. Product formation was
confirmed using ESI-MS showing a peaks of 1245.6 and 830.7 corresponding to the M+2
and M+3 (Calculated M = 2488.6).
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Chapter 3: Endoglycosidases for Protein Deglycosylation
3.1 Introduction
Enzymes that hydrolyze sugar chains are called glycosidases. Glycosidases are
used throughout biochemical research and are vital industrial tools used in many
industries including food, pharmaceutical, and paper manufacturing. One class of
glycosidases are endoglycosidases which cleave the inner part of the sugar chains as
opposed to exoglycosidases which cleave monosaccharides at the non-reducing end of a
sugar chain. Endoglycosidases are capable of cleaving long chains of sugars instead of
cleaving one sugar at a time. A specific type of endoglycosidases, endo-β-Nacetylglucosaminidases (EC 3.2.1.96), cleave the β1,4 glyosidic bond in the N,N’diacetylchitobiose core of N-glycans leaving behind a GlcNAc residue which may or may
not contain an α1,6 linked fucose. These endoglycosidases have been studied since the
1970s and have proven to be extremely useful tools for the analysis of sugar chains
attached to a glycoprotein or glycopeptide (157-160). In this chapter I will discuss a brief
history of each Endo enzymes followed by some examples of useful applications
researchers have used these enzymes to study various biological activities. Lastly, we
investigated the substrate specificities on native glycoproteins of many endoglycosidases
we routinely use in our lab.
3.2 Endoglycosidases for the Release of N-linked Oligosaccharides
EndoD from Streptococcus pneumonia formerly Diplococcus pneumoniae
In 1971 Maramatsu reported the first known endo-β-N-acetylglucosamine
(ENGase) activity acting on a glycoprotein from the culture of Diplococcus pneumonia
now known as Streptococcus pneumonia (157). Later, Koide and Muramatsu described
the isolation and characterization of the enzyme responsible for the previously reported
53

activity and named the enzyme endoglycosidase D (EndoD) (161). EndoD has now been
cloned and expressed in high yield by many research labs and is also commercially
available.
EndoD, belonging to the GH 85 family, cleaves high mannose oligosaccharides,
specifically Man5GN2 to Man3GN2 and also can cleave some hybrid glycans. Studies
have shown that EndoD cannot cleave substrates that have substituents on the C2 of the
α1-3 mannose but substituents on the C4 are susceptible (161-164). EndoD can only
cleave complex type glycans after exoglycosidase digestions to trim the terminal sialic
acid, galactose, and N-acetylglucosamine residues, which leave the pentasaccharide core
and possibly a core fucose. Recently, work in our lab has shown that EndoD prefers
fucosylated Man3 over non fucosylated Man3 as a hydrolytic substrate while EndoD was
also shown to have significant transglycosylation activity, especially when some mutants
that lack hydrolytic activity were used (165).
EndoH from Streptomyces griseus/plicatus
Tarentino and Maley first reported endo-β-N-acetylglucosaminidase activity from
cultural filtrates of Streptomyces griseus in 1972 and later determined that the mixture
contained two enzymes referred to as endo-β-N-acetylglucosaminidase H (EndoH),
which cleaves high molecular weight oligosaccharides, and endo-β-Nacetylglucosaminidase L (EndoL), which cleaves low molecular weight oligosaccharides.
EndoH has been subsequently cloned and expressed in high yield in E. coli and is
commercially available (159,166,167).
Perhaps the best known and most widely used endoglycosidase, EndoH cleaves
high mannose oligosaccharides and the majority of hybrid oligosaccharides. EndoH
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belongs to family 18 of the glycosidase family EndoH requires the pentasaccharide core,
Man3GlcNAc2, as the minimum substrate for hydrolysis. EndoH can also cleave bisecting
GlcNac and core-fucosylated hybrid glycans (168,169). EndoH cannot cleave complex
type oligosaccharides making glycoproteins fully processed through the endoplasmic
reticulum and Golgi resistant to EndoH hydrolysis. Cell biologists have extended the use
of EndoH to investigate glycoprotein processing, targeting, and transit (170,171).
EndoA from Arthrobacter protophormiae
In 1989 Takegawa et al. isolated and characterized an endoglycosidase, EndoA,
from the supernatant of Arthrobacter protophormiae culture broth grown in the presence
of the glycoprotein ovalbumin. EndoA has since been cloned and overexpressed with
high yield in E coli.
EndoA, belonging to the GH 85 family, primarily cleaves high mannose
oligosaccharides, but can also cleave hybrid glycans at a much lower rate (172). Due to
its overlapping specificity with EndoH and other enzymes, EndoA has proven to be more
valuable for the transglycosylation activity it possesses, enabling the synthesis of
homogenous glycopeptides and glycoproteins (97,173).
EndoF1, F2, F3 from Elizabethkingia meningosepticum/miricola formerly
Flavobacterium meningosepticum
In 1982 Elder and Alexander identified a novel glycosidase mixture isolated from
the culture broth of Flavobacterium meningosepticum now known as Elizabethkingia
meningosepticum. This glycosidase mixture was shown to have activity on high mannose,
hybrid, and complex type glycans (174). Tarentino and coworkers later demonstrated that
endoglycosidase F preparations have contaminating peptide N-glycosidase F activity

55

(PNGase F) and fractionated the mixture into two groups one with amidase activity,
PNGase F, and another group consisting of endoglycosidase activity, EndoF (175,176).
Eventually in 1991, Trimble and Tarentino identified three distinct endoglycosidases with
distinct specificities in the EndoF mixture naming them EndoF1, F2, and F3 (169). All
three enzymes have been cloned and expressed by various research labs and in addition
are available commercially.
The endoglycosidases from E. meningosepticum represent some of the most
useful and well described glycan cleaving enzymes. EndoF1 cleaves high mannose
oligosaccharides and hybrid structures, but α1,6 core fucosylation reduced the rate of
cleavage more than 50-fold. EndoF1 was also shown to cleave sulfated high-mannose
oligosaccharides whereas EndoH was unable to cleave these sulfated substrates (177179). EndoF2 cleaves biantennary complex type glycans but does not seem to have much
of a preference of the core fucosylation state. EndoF2 also can cleave high mannose
oligosaccharides at a lower rate (179-182). EndoF3 cleaves biantennary and triantennary
complex type oligosaccharides and α1,6 core fucosylation substantially increasing the
hydrolytic activity (179,182).
EndoM from Mucor hiemalis
In 1988, Kadowaki et al. reported the discovery of endoglycosidase activity in the
culture broth of the soil fungus Mucor hiemalis (183). Later the endoglycosidase, Endo
M, was purified and characterized along with being cloned and overexpressed in E. coli
(184).
EndoM, belonging to the GH 85 family, cleaves a wide range of oligosaccharides
as it can cleave high mannose, hybrid, and complex type glycans (184,185). EndoM can
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cleave biantennary complex type glycans from glycopeptides and native glycoproteins,
but highly branched complex oligosaccharides, tri-and tetra-antennary, are resistant to
EndoM cleavage.

EndoS from Streptococcus pyogenes
In 2001 Collin and Olsen reported the isolation of an endoglycosidase, EndoS,
from the culture supernatant of Streptococcus pyogenes that showed specific activity
toward the conserved oligosaccharides found on asparagine 297 of human IgG Fc domain
(186).
EndoS, belonging to GH 18 family, is unique among current endoglycosidases
due to its specificity for oligosaccharides of human IgG Fc at Asn297. EndoS lacks the
ability to cleave glycans on the Fab portions of IgG and lacks the ability to cleave other
native glycoproteins. EndoS also was shown to be unable to cleave oligosaccharides from
denatured IgG suggested the three-dimensional structure of IgG is essential for EndoS
mediated cleavage. EndoS can cleave a variety of biantennary complex type glycans but
has been shown to have little to no activity on triantennary complex glycans, high
mannose oligosaccharides, and bisected complex type glycans (187). EndoS is able to
hydrolyze both core fucosylated and non-fucosylated oligosaccharides but experimental
data suggests that it prefers the fucosylated substrate. EndoS also has the ability to cleave
free glycans and glycopeptides to an extent but at a lower rate when compared to native
IgG glycans (188).
The specificity EndoS shows for the glycans on the Fc region of IgG has made
EndoS a valuable tool for both analyzing the N-glycan structures and the effect of these
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oligosaccharides play in the function of IgG. EndoS can be used as a tool for IgG Fc
glycan analysis as it can cleave native IgG quickly and efficiently without cleaving the
glycans on the Fab portion of IgG.

EndoS has also been used to show the effect that Fc

glycosylation has on Fc receptor binding (189,190). EndoS has also shown potential as a
treatment for various autoimmune disorders in a few animal models (191,192).

EndoS2 from Streptococcus pyogenes
While previous studies identified the endoglycosidase EndoS in S. pyogenes a
later study by Sjogren et al. showed that in serotype M49 of GAS a different EndoS gene
was sequenced and cloned showing only 37% identity with EndoS from other serotypes.
This new gene encoded for the endoglycosidase named EndoS2 which showed hydrolysis
activity on IgG glycans similar to EndoS (193). The main difference between the two
enzymes is that EndoS2 shows substantial hydrolytic activity on high mannose and
hybrid type structures on IgG while EndoS shows little to no hydrolytic activity on these
substrates. This makes EndoS2 an excellent enzyme to assess the levels of high mannose
and hybrid type structures on the Fc glycan of IgG (194).
EndoCE from Caenorhabditis elegans
In 2002, Yamamoto and coworkers found a sequence homolog of EndoM in
Caenorhabditis elegans and confirmed the putative activity in the crude extract of C.
elegans. The endoglycosidase, EndoCE, was cloned and expressed in E. coli. The
recombinant enzymes possessed hydrolytic activity that can cleave high mannose type
oligosaccharides with the highest activity toward Man8. EndoCE also cleaved asialo
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complex type biantennary glycans to a much lower extent (100). EndoCE represents the
first endoglycosidase from an animal source that has been cloned and expressed.
EndoTv from Trichoderma virde
EndoTv was purified from a Trichoderma virde chitnase mixture. EndoTv cleaves
high mannose glycans from RNase B, ovalubmin, and yeast invertase and is unable to
hydrolyze fucosylated, hybrid, complex type or bisecting GlcNAc containing structures
from bovine fetuin, ovalubmin, and IgG. EndoTv has a higher activity for Man5 and
Man7 isoform I than Man9 when compared to EndoH (195).
EndoE from Enterococcus faecalis
In 2000, Beighton and coworkers noticed endoglycosidase activity in the culture
broth of Enterococcus faecalis on high mannose type glycans. Later, Collin and Fischetti
identified an 88-kDa secreted protein, EndoE, which was shown to be responsible for this
endoglycosidase activity. EndoE is unique among current endoglycosidase as it has been
shown to contain two domains, α and β, with different specificities. The α domain cleaves
biantennary and high mannose oligosaccharides whereas the β domain cleaves
biantennary glycans of IgG (196).
EndoBI from Bifidobacterium longum subsp. infantis
Recently, Mills and coworkers isolated an endoglycosidase from B. infantis
ATCC 15697, EndoBI, which showed hydrolytic activity toward a wide range of Nlinked glycans on proteins such as human lactoferrin, bovine lactoferrin, IgG, IgA,
ribonuclease B (197). EndoBI was shown to have hydrolytic activity on both complex
type, hybrid type, and high mannose type glycans enabling a wide range of cleavage
ability.
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EndoT from Hypocrea jecorina anamorph Trichoderma reesei
EndoT was purified from the extracellular medium of the mold Hypocrea jecorina
(Trichoderma reesei). EndoT represents the first fungal member of glycoside hydrolase
family 18 with endoglycosidase activity. EndoT has activity toward high mannose type
glycans but is unable to cleave complex oligosaccharides. The structure of EndoT was
recently solved giving insight into substrate specificity and showing identical positions
for key residues in substrate assisted mechanism found in glycoside hydrolase family 18
(198,199).
EndoOm from Ogataea minuta
EndoOm, an ENGase from the GH85 family from the yeast strain Ogataea
minuta, was cloned, overexpressed, and purified (198). EndoOm was shown to have
hydrolysis activity on biantennary complex type glycans as well as high mannose and
hybrid structures. EndoOm also possessed activity for triantennary complex type. This
hydrolysis activity was shown both on free glycans and on denatured glycoprotein
substrates. EndoOm also demonstrated transglycosylation activity using a simple
monosaccharide acceptor but its potential to transfer to glycopeptides and glycoproteins
was not tested (200).
Additional endoglycosidases
Other endoglycosidases from a variety of sources have been identified and cloned
but seem to have little interest as they have overlapping substrate specificity and add little
to the current library of endoglycosidases known. These include the following
endoglycosidases: EndoCI & II, Endo Fsp, EndoBt, EndoBh, EndoFv, EndoDd (102,20160

204). Endoglycosidases from mammalian sources, including hen oviduct, rat liver, and
human kidney, have been isolated (205-209).
Peptide:N-glycosidases (PNGase)
In addition to endo-β-N-acetylglucosamines another useful class of glycoside
hydrolases are ones named amidase or peptide:N-glycosidase (PNGase). These enzymes
catalyze the hydrolysis of the bond between the innermost GlcNAc and the asparagine
residue of the protein backbone. These enzymes catalase the hydrolysis of the
glycopeptide to form an aspartic acid, which forms an intermediate oligosaccharide
amine that is hydrolyzed to give the final oligosaccharide product. The most widely used
PNGase is PNGase F which cleaves a broad range of oligosaccharides including highly
branched complex type glycans with or without α1,6 core fucosylation, hybrid type, and
high mannose oligosaccharides. PNGase F is most active on denatured proteins or
glycopeptides but is able to cleave some glycans from native proteins after long
incubations. PNGase F was shown to be unable to cleave glycans with an α1,3 core
fucose. (176,210-213) This enzyme is the most common enzyme used by researchers
studying glycoproteins as it can cleave the N-glycans off almost all known substrates and
is commercially available. Another PNGase, PNGase A, was purified from almond
emulsion. PNGase A can cleave a broad range of oligosaccharides similar to PNGase F
with the addition of xylose and α1,3 core fucosylation, modifications typically found in
plants (210). Other PNGase enzymes have been discovered in a wide range of organisms
including PNGase J, PNGase P, PNGase Se, PNGase R, PNGase At, and Pngase LE
(214-219).
3.3 Applications of Endoglycosidases
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Endoglycosidases are important tools for glycobiologists and carbohydrate
chemists and have been used for a variety of reasons ranging from analysis to functional
downstream reasons. In the following section some of the ways endoglycosidases can be
used will be highlighted.
One useful application of endoglycosidases is one that addresses the problem of
heterogeneity in glycoproteins expressed in mammalian cells. This heterogeneity makes
crystallization of glycoproteins extremely difficult and techniques to avoid this problem
are of interest to many researchers in the field. One approach is to use the enzyme EndoH
in combination with a cell line that is grown with N-glycosylation processing inhibitors
such as kifunensine or swainsonine. This allows for proper folding and attachment of Nglycans but leaves a mixture high mannose or hybrid type glycans on the final
glycoprotein product. These N-glycans can easily be cleaved by EndoH leaving a single
GlcNAc residue on the glycoprotein which can increase the chance for crystallization
(220). Other research groups have used this strategy with other endoglycosidases such as
EndoF1 and EndoD leading to the crystallization of many glycoprotein structures (221225).
Another application which makes use an endoglycosidase was developed by
Callewaert and coworkers who were able to engineer HEK 293S cells GNT- to express
an endoglycosidase, EndoT, in the trans-Golgi which enables the production of
glycoproteins with shorted N-glycans generally consisting of a trisaccharide (GlcNAc
Gal Neu5Ac). EndoT was a attractive choice as its optimum pH is 6.0 and it has a high
activity for high mannose type glycans. EndoT was targeted to the trans-Golgi by
creating a fusion protein with the targeting sequence of ST6GAL1 which typically
62

colocalizes to the trans-Golgi. This strategy produced homogenous glycoproteins with
non-native shorted N-glycan. While this method is not ideal for glycoproteins where the
glycan plays a pivotal role in binding to other proteins it can still help with stability and
half-life of other biologically important glycoproteins (226,227). This system can also be
used to produced glycoproteins for crystallization studies as it produces final products
that are homogenous (228).
Another prevalent use of an endoglycosidase is to study the movement of a newly
synthesized glycoprotein from the endoplasmic reticulum into the Golgi complex.
Glycoproteins are sensitive to EndoH hydrolysis while they are in the ER and in the cis
region Golgi complex but they become resistant after they are processed by enzymes
located in the medial Golgi complex as this is the location of the enzymes that produce
complex type glycans (170,229,230). This has been used by researchers for some time to
study many glycoproteins leading to EndoH being the first commercial available
endoglycosidase.
Many researchers use these enzymes to analyze the N-glycans attached to a
glycoprotein in a variety of different ways. One of the most straightforward methods is to
treat a glycoprotein with unknown N-glycan attached with different enzymes that have
varying substrate specificities to identify the type of N-glycan attached. For example, one
could treat a glycoprotein with PNGaseF to release all glycans and compare the cleavage
profiles of EndoF1-3 which have different substrate specifies enabling the general
identity of the N-glycan type (High mannose, hybrid, or complex type).
The specialized enzyme EndoS has been shown to have a special application due
to its specificity for the N-glycans attached to the Fc region of IgG. When EndoS is
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added to whole blood serum it selectively cleaves only glycans from IgG leaving other
glycoproteins intact. This has been applied to treat a variety of autoimmune disorders in
animal models including idiopathic thrombocytopenic purpura (ITP), arthritis, and
encephalomyelitis (231-233).

3.4 Investigating Substrate Specificity of Endoglycosidases
PNGaseF cleavage of common glycoprotein substrates
In order to investigate the substrate specificity of each endoglycosidase we
wanted to test each enzyme’s ability to cleave N-glycans from four common glycoprotein
substrates. These substrates include: 1) ovalbumin, which contains a mixture of high
mannose, hybrid, and complex type glycans, 2) ribonuclease B which contains high
mannose type glycans, 3) rituximab (IgG) which contains biantennary complex type
glycans, and 4) bovine fetuin which contains both bi- and triantennary complex type
glycans. Each glycoprotein was first treated with PNGaseF to release all of the Nglycans to get a profile for each substrate. The N-glycans were purified after an overnight
cleavage using a combination of C18 and normal phase cartridge purification. The
purified N-glycans were concentrated and analyzed using MALDI-TOF analysis. The
profiles of each is shown below in Figure 19 showing the expected N-glycans for each
substrate.
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Figure 19. PNGaseF profile of Ovalbumin, Ribonuclease B, IgG, and Bovine Fetuin

Endoglycosidase cleavage of common glycoprotein substrates
Each glycoprotein was treated with each respective endoglycosidase including EndoD,
EndoA, EndoF1, EndoF2, EndoF3, EndoS, and EndoS2. The N-glycans were purified
and analyzed using MALDI-TOF.

Ovalbumin- MALDI-TOF analysis of released N-glycans from ovalbumin are shown in
Figure 20. The N-glycan profile of ovalbumin containing a mixture of high mannose,
hybrid and complex glycans were cleaved by PNGaseF (Figure 20A). EndoD showed
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only partial cleavage as it was only able to hydrolysis Man5 while EndoA and EndoF1
were able to cleave both high mannose and hybrid type glycans but not complex type
glycans (Figure 20B-D). EndoF2 was able to cleave biantennary complex glycans and
high mannose but not hybrid type glycans and EndoF3 cleaved only complex type
glycans (Figure 20E and 20F). EndoM cleaved high mannose, hybrid, and complex
glycans but EndoS and S2 cleaved no glycans (Figure 20G-I).

Figure 20. MALDI TOF analysis of N-glycans from ovalbumin cleaved by A) PNGaseF;
B) EndoD; C) EndoA; D) EndoF1; E) EndoF2; F) EndoF3; G) EndoM; H) EndoS; I)
EndoS2
Ribonuclease B- Ribonuclease B contains high mannose glycans Man5 through Man9
and has been widely studied and used a standard glycoprotein substrate. EndoA, EndoF1,
EndoF2, and EndoM all were able to completely cleave ribonuclease B while EndoD
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only cleaved Man5 (Figure 21B-E, 21G). EndoF3, EndoS, and EndoS2 showed no
activity on ribonuclease B as no N-glycans were released (Figure 21F, 21H, and 21I).

Figure 21. MALDI TOF analysis of N-glycans from ribonuclease B cleaved by A)
PNGaseF; B) EndoD; C) EndoA; D) EndoF1; E) EndoF2; F) EndoF3; G) EndoM; H)
EndoS; I) EndoS2

Rituximab (IgG)- Recombinant monoclonal antibodies expressed in CHO cells typically
contain fucosylated biantennary complex type glycans. EndoD, EndoA, EndoF1, and
EndoM were unable to cleave the glycans of rituximab (Figure 22B-D and 22G) whereas
EndoF2, EndoF3, EndoS and EndoS2 were able to completely hydrolyze the biantennary
complex type glycans from IgG (Figure 22E, 22F, 22H, and 22I).
67

Figure 22. MALDI TOF analysis of N-glycans from IgG cleaved by A) PNGaseF; B)
EndoD; C) EndoA; D) EndoF1; E) EndoF2; F) EndoF3; G) EndoM; H) EndoS; I)
EndoS2

Fetuin -Bovine fetuin contain biantennary and triantennary complex type glycans.
EndoD, EndoA, EndoF1, EndoF2, EndoM, EndoS, and EndoS2 were unable to cleave the
glycans of fetuin (Figure 23B-E and 23G-I). Only EndoF3 was able to completely
hydrolyze the complex type glycans from bovine fetuin (Figure 23F).
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Figure 23. MALDI TOF analysis of N-glycans from fetuin cleaved by A) PNGaseF; B)
EndoD; C) EndoA; D) EndoF1; E) EndoF2; F) EndoF3; G) EndoM; H) EndoS; I)
EndoS2

3.5 Summary of each endoglycosidase substrate specificity
EndoD has limited ability to cleave glycans as demonstrated by its partial cleavage by
ribonuclease B and ovalbumin showing only activity on Man5. EndoD is unable to cleave
the complex glycans attached to IgG or bovine fetuin.
EndoA cleaves high mannose glycans along with hybrid type glycans as shown by its
complete cleavage of Ribonuclease B and partial cleavage of ovalbumin. EndoA is
unable to cleave complex type glycans as it does not cleave IgG or bovine fetuin along
with the complex glycans on ovalbumin which is in agreement with previous studies.
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EndoF1 cleaves high mannose glycans along with hybrid type glycans as shown by its
complete cleavage of Ribonuclease B and partial cleavage of ovalbumin. EndoF1 is
unable to cleave complex type glycans as it does not cleave IgG or bovine fetuin along
with the complex glycans on ovalbumin which is in agreement with previous studies.
EndoF2 cleaves high mannose glycans but is unable to cleave hybrid type glycans shown
by its complete cleavage of Ribonuclease B and partial cleavage of ovalbumin. EndoF2
can also cleave biantennary complex type glycans but cannot cleave triantennary glycans
shown by its complete cleavage of IgG but only partial cleavage of bovine fetuin.
EndoF3 is unable to cleave the high mannose glycans and hybrid glycans on ribonuclease
B and ovalbumin. EndoF3 efficiently cleaves the glycans on IgG along with both the biand triantennary glycans on bovine fetuin.
EndoM efficiently cleaves high mannose glycans along with hybrid type glycans as
shown by its complete cleavage of Ribonuclease B along with cleavage of ovalbumin
which includes some complex type species. EndoM is unable to cleave the fucosylated Nglycans of IgG and has no activity of the bi- and triantennary glycans on bovine fetuin.
EndoS is unable to cleave glycans on either ribonuclease B or ovalbumin as it has a
specificity for cleaving glycans attached to IgG where it shows complete cleavage.
EndoS does not have any activity on the glycans attached to bovine fetuin.
EndoS2 is unable to cleave glycans on either ribonuclease B or ovalbumin as it has a
specificity for cleaving glycans attached to IgG where it shows complete cleavage.
EndoS2 does not have any activity on the glycans attached to bovine fetuin.
3.6 Conclusion
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Endoglycosidases are important tools for studying glycoproteins and have many
applications in addition to their analytical value. Knowing the substrate specificity of
each endoglycosidase allows for the selection of the proper enzyme for the intended use.
While almost all N-linked glycans can be released by the enzyme PNGaseF,
endoglycosidases do not tend to be quite as broad with most discovered to date having
activity similar to EndoH, cleaving high mannose and hybrid type glycans. Only a select
few are able to cleave complex type glycans and to date there is no efficient enzyme for
cleaving highly branched tetra-antennary structures which are found on many mammalian
glycoproteins. The use of enzymes to cleave glycans is preferable over chemical methods
as one can also obtain information about the N-glycan attached due to the substrate
specificities of each enzyme without the use of other downstream analysis. Also after
enzymatic cleavage one can recover the peptide or protein portion allowing for further
analysis such as identifying the glycan site. With the abundant availability of these
enzymes commercially endoglycosidases will continue to be a powerful tool to analyze
glycoproteins and glycopeptides.
3.7 Experimental Methods

Expression and purification of Endo enzymes and PNGaseF
All endoglycosidases were expressed in E. coli. and purified using a FPLC system
(GE Healthcare) using either a Hitrap His column or Glutathione column depending on
the fusion tag. All enzymes were expressed using previously published methods
(122,155,234-238)
PNGaseF release of total N-glycan profile of glycoprotein substrates
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The N-glycans from each respective glycoprotein were released by treating 100
µg of the glycoprotein with 10 µg of PNGaseF in 20 µL of 50 mM phosphate buffer (pH
7.0) overnight at 37 °C. The reaction mixture was dissolved in 1 mL water and the
released glycans were purified using a Sep-Pak Vac RC C18 cartridge (500 mg, Waters)
that was prewashed 4 times with 2.5 mL of 10% acetic acid, 50% methanol, 100%
methanol and then 8 times with 2.5 mL of ddH2O. After loading the sample, the column
was washed 3 times with 1 mL ddH2O to elute released N-glycans. The elution was then
loaded onto a Hypersep Hypercarb PGC column (50 mg, Thermo Scientific) which had
been prepared with 3 washes of 1 mL 60% acetonitrile, 1 mL 30% acetonitrile, and 1 mL
ddH2O. After loading, the column was washed with 3 ml of ddH2O and the glycans were
then eluted with 1 mL of 30% acetonitrile, 1 mL of 60% acetonitrile, and 1 mL 100%
acetonitrile. The elutions were pooled then dried under reduced pressure and resuspended
in ddH2O for further MS analysis.
Endoglycosidase release of N-glycans from glycoprotein substrates
The N-glycans from each respective glycoprotein were released by treating 100
µg of the glycoprotein with 10 µg of each endoglycosidase in 20 µL at optimal pH and
buffer conditions overnight at 37 °C. The N-glycans were purified from the reaction
mixture using an acetone precipitation method and 60% methanol extraction (156). The
N-glycans were dried and resuspended in ddH20 for further MS analysis.
MALDI-TOF analysis of released N-glycans
The purified released N-glycans were analyzed using a Bruker Autoflex III
MALDI-TOF mass spectrometer (Bruker Daltonics) with 2,5dihydroxybenzoic acid (10
mg in 10% ethanol, 10 mM NaCl) as the matrix in reflector-positive mode

72

Chapter 4: EndoF3 glycosynthase mutants enable chemoenzymatic
synthesis of core-fucosylated triantennary complex type
glycopeptides and glycoproteins
4.1 Introduction
Protein glycosylation is one of the most prevalent posttranslational modifications
found in almost all living organisms ranging from bacteria to eukaryotes (239).
Glycosylation can profoundly affect a protein’s intrinsic properties such as folding,
stability, intracellular trafficking, and immunogenicity. In addition, the oligosaccharide
components of glycoproteins can participate directly in a number of important biological
recognition processes, including cell adhesion, signaling, host-pathogen interactions, and
immune responses (240-246). These subtle changes in glycosylation have been shown to
significantly impact the biological functions and, in the case of therapeutic glycoproteins
such as monoclonal antibodies, the in vivo stability and therapeutic efficacy (245,247-250).
Natural and recombinant glycoproteins are usually produced as mixtures of glycoforms
that differ only in the structures of pendant glycans, from which pure glycoforms are
extremely difficult to isolate using current chromatographic techniques. As a result,
synthetic homogeneous glycopeptides and glycoproteins are incredibly indispensable tools
for functional studies and for biological drug discovery. Many elegant chemical and
biochemical strategies have been explored for making homogeneous glycoproteins and
mimics, including total chemical synthesis with native chemical ligation (251-255),
chemoselective

ligation

(256,257),

chemoenzymatic

synthesis

(258-262),

and

glycosylation pathway engineering in host expression systems (263-266). As part of these
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efforts, we have attempted to develop a chemoenzymatic method for construction of
complex N-glycopeptides and glycoproteins that is based on the transglycosylation activity
of a class of endo-β-N-acetylglucosaminidases (the endoglycosidases that hydrolyze Nglycans of glycoproteins) for convergent native ligation of pre-assembled glycans and
GlcNAc-peptide/protein (258,261,262). The success of this approach relies on the
availability of novel endoglycosidase-derived glycosynthase mutants that are devoid of
hydrolysis activity but can use the highly activated glycan oxazolines as substrates for
transglycosylation. Several endoglycosidases have been successfully converted into
glycosynthases via site-directed mutation of a critical residue that appears to be essential
in promoting the formation of the sugar oxazolinium ion intermediate at the catalytic site
during enzymatic hydrolysis. These include EndoA (from bacterium Arthrobacter
protophormiae), EndoM (from fungus Mucor hiemalis), and EndoD (from bacterium
Streptococcus pneumoniae) of the glycoside hydrolase (GH) family 85, as well as EndoS
(from Streptococcus pyogenes) of the GH family 18 (234,235,267-270). These enzymes
and

related

mutants

showed

remarkably

different

substrate

specificity

in

transglycosylation. For example, the glycosynthase mutants derived from EndoM (such as
EndoM N175Q) are efficient for transferring bi-antennary complex type and high-mannose
type N-glycans to GlcNAc-peptide/protein acceptors, but are unable to accept α1,6-fucosesubstituted (core-fucosylated) GlcNAc-peptide/protein as acceptor substrates, neither can
they efficiently glycosylate Fc domains or intact antibodies (154,235,267,268,271-273).
The glycosynthases derived from EndoS (such as the EndoS D233A and D233Q mutants)
appear to be highly specific for glycosylation of Fc domain of antibodies
(134,270,274,275), but they show no activity for other GlcNAc-peptide/protein acceptors
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besides IgG. So far, no glycosynthases in this category have been reported that are able to
transfer highly branched N-glycans such as triantennary N-glycans for glycoprotein
synthesis. In addition, although EndoD mutants (such as EndoD D322A) have been shown
to accept Fucα1,6GlcNAc-peptide as acceptor for transglycosylation, they are limited to
transfer only the N-glycan core (Man3GlcNAc) and are unable to accommodate typical
complex type N-glycans for transglycosylation which significantly limits its use for the
synthesis of homogenous glycoproteins (234).
Core fucosylation, the attachment of a fucose moiety to the innermost GlcNAc
moiety of the asparagine (N)-linked glycans in an α1,6-glycosidic linkage, is a modification
frequently found in natural and recombinant glycoproteins. It has been reported that core
fucosylation affects N-glycan’s conformations and modulates glycan-lectin interactions
and antibody Fc receptor recognition (51,276-279). Moreover, core fucosylation is
associated with cancer progression, suggesting that core-fucosylated N-glycans and
glycopeptides could serve as novel biomarkers for cancer diagnosis (280,281). Despite
remarkable advance in synthetic methodology, synthesis of sialylated and fucosylated
complex glycopeptides and glycoproteins is still a challenging task, because of the acidlabile nature of the α-glycosidic linkages of fucose and sialic acid during multi-step
synthetic manipulations (282-285). In contrast to sialylation that could be performed by
sialyltransferases after the construction of full size N-glycans, a late-stage enzymatic
introduction of a core fucose by the mammalian α1,6-fucosyltransferase (FUT8) would not
be quite feasible as FUT8 cannot directly glycosylate full-size N-glycans but only accept
an N-glycan core with a free GlcNAc residue at the α1,3 mannose branch as the substrate
(281,286). Thus, new glycosynthase mutants that can transfer highly branched N-glycans
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and can accommodate core-fucosylated GlcNAc-peptide/protein acceptors are required to
expand the scope of the chemoenzymatic method.
We have recently reported that several endoglycosidases from bacterium
Elizabethkingia meningoseptica of the GH18 family formerly named as Flavobacterium
meningosepticum or Chryseobacterium meningosepticum (287-289), possess significant
transglycosylation activity at neutral pH (partly due to the decreased hydrolytic activity at
the less acidic pH) (290). Of these endoglycosidases, EndoF3 has shown significant
transglycosylation activity on core-fucosylated GlcNAc-peptides. However, the wild type
enzyme also possesses high hydrolytic activity on the transglycosylation product. In this
paper, we report the generation of glycosynthase mutants from EndoF3 by site-directed
mutagenesis of the putative catalytic residue, D165, which is assumed to play a role in
promoting the formation of sugar oxazolinium ion intermediate in hydrolysis. Our
experimental data reveal that the EndoF3 mutants, including D165A and D165Q, are
typical glycosynthases that are able to efficiently transfer both biantennary and triantennary
complex type N-glycans (in the form of glycan oxazolines) to fucosylated GlcNAc-peptide
acceptors to form core fucosylated complex glycopeptides with high efficiency. The
EndoF3 mutants D165A and D165Q represent the first endoglycosidase-based
glycosynthases capable of transferring triantennary complex type N-glycans for
glycopeptide synthesis and glycosylation remodeling of core-fucosylated glycoproteins
including therapeutic antibodies.
4.2 Results
4.21 Cloning, Expression, and Characterization of EndoF3
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EndoF3 is a bacterial endoglycosidase from the GH18 family consisting of 329
amino acid residues (MW = 35.8 kDa) with an N-terminal signaling peptide (aa 1-39).
Tarentino et al have previously reported that expression of EndoF3 in E. coli resulted in
low yields (<1 mg/L) of soluble enzyme due to the formation of insoluble inclusion bodies
(291). Overexpression and refolding enabled higher yields (15 mg/L) but required arduous
solubilization with acid and detergent followed by time consuming exhaustive dialysis
(292). We initially chose to clone EndoF3 (aa 40-329) into both pET41b and pET22b for
expression in E coli. Overexpression from both vectors yielded inclusion bodies of
EndoF3, but purification and refolding of the inclusion bodies following a similar
procedure as previously reported (292) gave a very low overall yield (<1 mg/L) of soluble
EndoF3. This situation prompted us to investigate alternative methods to overexpress
EndoF3 WT in a soluble form. Previously Shen et al. have demonstrated that expression
with a novel tag, the Vibrio cholera MARTX toxin cysteine protease domain (CPD), was
able to enhance the solubility and stability of recombinant proteins (293,294). To examine
if CPD could enhance the expression of the soluble EndoF3, we cloned the gene encoding
EndoF3 (aa 40-329) into a pET22b-CPD vector this plasmid encodes the CPD domain and
also includes a 10x histidine tag (Figure 24). We found that the fusion protein, EndoF3CPD (hereafter called EndoF3) could be efficiently expressed as a soluble protein in E. coli
and was readily purified using immobilized metal ion affinity chromatography (IMAC) to
give the soluble enzyme with a yield of more than 15 mg/L (Figure 25).

Figure 24. Diagram of EndoF3 CPD fusion protein
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Figure 25. SDS-PAGE of EndoF3 CPD fusion protein
We tested the deglycosylation activity of the recombinant EndoF3 using several
substrates, including porcine fibrinogen (a natural glycoprotein carrying core-fucosylated
bi-antennary N-glycans) (144), rituximab (a therapeutic monoclonal antibody), and the
sialoglycopeptide (SGP) isolated from chicken egg yolks (Figure 26). As revealed by SDSPAGE and LC-MS analysis, the recombinant EndoF3 showed potent hydrolytic activity
and was able to deglycosylate porcine fibrinogen and monoclonal antibody rituximab
quickly even without the need of denaturing the glycoproteins (Figure 26A and 26B). The
recombinant EndoF3 could also hydrolyze the sialoglycopeptide, SGP (Figure 26C), but it
was observed that the EndoF3 catalyzed hydrolysis of SGP was much slower than that of
porcine fibrinogen and rituximab which carry core-fucosylated N-glycans. Our
experimental data are consistent with the fact that commercially available EndoF3 prefers
core-fucosylated complex N-glycans and hydrolyze them hundreds fold faster than that of
the corresponding non-fucosylated N-glycans (144). Examination of the pH dependence of
the EndoF3 catalyzed hydrolysis using SGP as the substrate showed that the optimal pH
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for EndoF3 catalyzed hydrolysis was around 4.5 at 37 °C ,which is in good agreement with
previous reports of the naturally isolated EndoF3 (144).
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Figure 26. Deglycosylation activity of recombinant EndoF3 on natural
glycoproteins and glycopeptides. A) hydrolysis of porcine fibrinogen: SDS-PAGE
analysis of EndoF3 catalyzed hydrolysis of porcine fibrinogen. lane 1, fibrinogen; lane 2,
EndoF3 cleaved fibrinogen; lane3, molecular weight markers; B) hydrolysis of
monoclonal antibody rituximab: LC-ESI-MS analysis of the heavy chain of rituximab
before and after EndoF3 treatment. Commercial rituximab, calculated: G0F, MW =
50514 Da, G1F, MW = 50676 Da, and G2F, MW = 50839 Da; found, 50507 (G0F),
50668 (G1F), and 50839 (G2F); rituximab after Endo F3 treatment. Calculated heavy
chain of Fucα1,6GlcNAc-rituximab, M = 49418 Da; found, 49414 (deconvolution data);
C) hydrolysis of sialoglycopeptide (SGP): HPAEC-PAD analysis of the EndoF3
catalyzed hydrolysis of glycopeptide SGP.

4.22 Generation and characterization of glycosynthase mutants of EndoF3

We have previously generated glycosynthases from endoglycosidases of both
GH85 and GH18 family by site-directed mutation at a key residue that is responsible for
promoting the formation of the oxazolinium ion intermediate during hydrolysis, which
proceed in a substrate-assisted mechanism (234,267-270). These include a key asparagine
residue for the GH85 endoglycosidases EndoA (Asn171), EndoM (Asn275), and EndoD
(Asn322), or a key aspartic acid residue for the GH18 family endoglycosidase EndoS
(Asp233). A sequence alignment of EndoF3 and EndoS revealed that the Asp165 of
EndoF3 was the residue equivalent to the Asp233 of EndoS essential for promoting
oxazolinium ion formation in hydrolysis (Figure 27). The crystal structure of EndoF3 also
suggested that the Asp165 was critical for the hydrolysis (295). Thus, we generated two
mutants, D165A and D165Q, using site-directed mutagenesis to create potential
glycosynthase mutants of EndoF3. The two mutants were also expressed as soluble proteins
in the pET22b-CPD vector and produced similar yields as the wild type EndoF3 enzyme.
We then tested the potential hydrolytic activity of the EndoF3 mutants using rituximab as
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the substrate under the conditions used to confirm the hydrolytic activity of EndoF3 WT.
Under the same conditions, the EndoF3 mutants D165A and D165Q had no detectable
hydrolytic activity on rituximab after 4 h when the reaction was monitored by LC-MS
analysis. These data verify that the mutation eliminates the hydrolytic activity.

Figure 27. Sequence alignment of EndoF3 and EndoS.

We have previously discovered a transglycosylation activity of wild type EndoF3
using sialylated complex type glycan oxazoline (SCTox) (1) as the donor substrate and
Fmoc–Asn(Fucα1,6GlcNAc)-OH (core fucosylated) (2) or Fmoc-Asn(GlcNAc)-OH (3) as
the acceptor substrates (290). In this study, the same reactions were applied to test the
transglycosylation activity of the EndoF3 mutants (Figure 28A). We found that EndoF3
D165A and D165Q both showed apparent transglycosylation activity with the corefucosylated GlcNAc-Asn acceptor (2) to give the transglycosylation product (4) (Figure
28B), which was identical to the authentic compound previously characterized by ESI-MS
(290). Interestingly, no transglycosylation was detected when the non-fucosylated
GlcNAc-Asn (3) was used as the substrate (Figure 28). The results clearly indicate that the
EndoF3 glycosynthase mutants are highly specific and active for α1,6-fucosylated GlcNAc
acceptors for transglycosylation. In contrast to the wild type EndoF3, which had
transglycosylation activity but gradually hydrolyzed the product, the D165A and D165Q
mutants were able to use the sugar oxazoline for transglycosylation without product
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hydrolysis, thus confirming them as typical glycosynthases. We also observed that EndoF3
D165A mutant was superior to the D165Q mutant in glycosynthase activity (Figure 28B).
Under the conditions, the EndoF3 D165A-catalyzed reaction could reach 100%
transglycosylation quickly without product hydrolysis as monitored by RP-HPLC and
confirmed with ESI-MS analysis.

Figure 28. Assessment of the transglycosylation activity of EndoF3 D165A and
D165Q mutants. A) the scheme of the enzymatic reactions; B) comparison of
transglycosylation activity of the EndoF3 mutants (D165A and D165Q) and the
recombinant wild type EndoF3.

4.23 Semi-synthesis of Asialo Triantennary Complex Type Glycan Oxazoline
Previous studies have shown that EndoF3 can efficiently cleave fucosylated
triantennary complex type N-glycans (144). The potent hydrolytic activity on branched
complex N-glycans led us to investigate whether the glycosynthase mutants derived from
EndoF3 are able to transfer triantennary N-glycans. For this purpose, we carried out a semi82

synthesis of asialo triantennary complex type glycan oxazoline (TCTox) starting from the
isolation of the N-glycans from bovine fetuin, a natural glycoprotein that carries sialylated
biantennary and triantennary N-glycans. The synthetic scheme was summarized in Figure
29.

Figure 29. Scheme of the semi-synthesis of triantennary complex type oxazoline

Previously the components and structures of N-glycans from bovine fetuin have
been well characterized by chromatographic separation, HPAEC-PAD analysis, and
detailed NMR studies (145-148). The majority (>80%) of the N-glycans were triantennary
N-glycans with varied degrees of α2,6 and/or α2,3-sialylations at the terminus. For a
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relatively large scale preparation, we first purified bovine fetuin on the gram scale from
fetal bovine serum using a previously reported method with some modifications (149). The
N-glycans were released from bovine fetuin using EndoF3 and were partially purified by
acetone precipitation and extraction with 60% methanol (150,151). The crude N-glycans
showed multiple peaks on HPAEC-PAD with four major peaks as the triantennary Nglycans carrying 2-3 sialic acids in isomeric α2,3- and α2,6 linkages (Figure 30A). After
desalting on a Sephadex G-25 column and then further purification by ion-exchange
chromatography using a HiTrap DEAE FF column, fractions that contained the trisialylated triantennary glycans were desalted using a Sephadex G-25 column giving two
major tri-sialylated triantennary complex type N-glycan isomers differing only in the
linkage of the sialic acid on the 6’ mannose arm (5) (Figure 30B). The assignment of the
peaks was based on a detailed HPAEC-PAD analysis of fetuin N-glycans previously
reported (145,147). The isomeric nature of the sialylated N-glycans was confirmed with
ESI-MS analysis showing m/z species at 893.8 and 1340.01, respectively, corresponding
to the [M+3H]3+ and [M+2H]2+ species (calculated, M = 2677.39). Desialylation of 5 with
sialidase gave the asialo triantennary N-glycan (TCT) (6) as a single species with >95%
purity (Figure 30C). The only minor (<5%) contamination could be attributed to a
triantennary N-glycan isomer that contains an isomeric α1,3 galactosidic linkage, on the
basis of the assignment previously reported (145-147). ESI-MS analysis confirmed the
cleavage of the sialic acids and the observed single species at m/z 902.46 corresponding to
[M+2H]2+ is in good agreement with the calculated molecular mass (M =1803.64). The
triantennary N-glycan (6) was converted into the corresponding glycan oxazolines (7) in a
single step by treatment with excess of 2-chloro-1,3-dimethylimidazolinium chloride
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(DMC) and triethylamine in water, following the previously reported procedures (152154). The reaction was monitored by HPAEC-PAD and the product formation was found
to be essentially quantitative (Figure 30D). HPAEC-PAD analysis clearly showed a shift
of 3 min in retention time as the oxazoline derivative eluted before the free sugar (Figure
30D). The product was purified from the reaction mixture by gel filtration on a Sephadex
G15 column.

Figure 30. HPAEC-PAD analysis of N-glycans from bovine fetuin cleaved by
EndoF3. A) the profile of entire N-glycans from bovine fetuin; B) isolated tri-sialylated
complex type glycans; C) the triantennary N-glycan obtained after de-sialylation with
sialidase; D) the triantennary N-glycan oxazoline (TCTox).
The identities of the triantennary N-glycan (6) and the corresponding glycan oxazoline (7)
was further characterized by 2D 1H/13C HSQC NMR analysis (Figure 31). The NMR signal
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assignment (Figure 31A) of glycan 6 was in good agreement with a similar triantennary
derivative with two GlcNAc moieties at the reducing terminus (148) and the results further
confirmed the homogeneity of the asialylated triantennary N-glycan (6). The 2D 1H/13C
HSQC spectrum (Figure 31B) of glycan oxazoline 7 clearly showed the expected
downfield shift of the reducing end anomeric proton to 6.1 ppm with a J1,2 coupling
constant of 7.3 Hz, which is a signature for the anomeric proton of sugar oxazoline.
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Figure 31. 2D 13C1H HSQC of triantennary complex type glycans. A) triantennary
complex type N-glycan (6); B) triantennary complex type N-glycan oxazoline (7).
4.24 EndoF3 mutant D165A is able to transfer triantennary N-glycan to form triantennary
complex type glycopeptides
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With the synthetic triantennary complex glycan oxazoline in hands, we selected
the CD52 glycopeptide, a small GPI-anchored glycoprotein found on the surface of mature
lymphocytes and sperm cells, as a target to test the EndoF3 mutants and glycosynthase
mutants from other endoglycosidases. We performed the transglycosylation with EndoF3
D165A using the TCTox (7) as the donor and the Fucα1,6GlcNAc-CD52 (8) as the
acceptor substrate, the synthesis of which was previously described (290). The reaction
progress was monitored by HPLC analysis and the product was analyzed with LC-MS. We
found that the EndoF3 D165A mutant could efficiently use the triantennary glycan
oxazoline (7) as substrate for transglycosylation to form the corresponding triantennary
complex type CD52 glycopeptide (9) (Figure 32). HPLC monitoring showed an m/z
species of 1129.80 corresponding to [M+3H]3+ (calculated molecular mass, M = 3385.09)
(Figure 33). We found that a quantitative conversion of the Fucα1,6GlcNAc-CD52 (8) to
the glycopeptide (9) could be achieved within 2 h when a 3-fold excess of the glycan
oxazoline (7) was used, demonstrating the efficiency of the EndoF3 D165A-catalyzed
transglycosylation. We have also tested several glycosynthases described previously,
including the D233A mutant of EndoS, the N322A and N322Q mutants of EndoD, the
N175Q mutant of EndoM, and the N171A mutant of EndoA (234,267-270). We found that
none of those glycosynthases were able to transfer triantennary complex glycans from the
glycan oxazoline. Thus the EndoF3 mutants generated here represent the first
endoglycosidase-based glycosynthases capable of transforming branched triantennary
complex type N-glycans for complex glycopeptide synthesis.
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Figure 32. Scheme of EndoF3 D165A catalyzed transfer of triantennary N-glycan
for the synthesis of CD52 glycopeptide

Figure 33. ESI-MS of CD52-TCT product 9
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4.25 The EndoF3 Glycosynthase Mutant Enables the Glycosylation Remodeling of Intact
Monoclonal Antibody
The ability of the EndoF3 derived glycosynthases to transfer the triantennary glycan
for the synthesis of complex CD52 glycopeptide encouraged us to test if the EndoF3 mutant
would be also efficient to transfer triantennary N-glycans to intact antibodies. We have
previously used mutant endoglycosidases to remodel the N-glycans on the Fc region of the
monoclonal antibody rituximab using a pair of endoglycosidase/endoglycosynthase
derived from EndoS (270). The major Fc glycans of commercial rituximab are corefucosylated bi-antennary complex type oligosaccharides carrying 0-2 galactose moieties
named G0F, G1F, and G2F glycoforms, respectively. The general glycosylation
remodeling approach was presented in Figure 34 and the reactions and reaction products
were assessed by LC-MS analysis (Figure 35).
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Figure 34. Scheme of the glycosylation remodeling of rituximab using EndoF3
glycosynthase mutant.

Treatment of rituximab (10) with recombinant EndoF3 resulted in complete
deglycosylation of rituximab, as demonstrated by the conversion of the glycoform mixtures
(G0F, G1F, and G2F) found in commercial rituximab (Figure 35A) to the Fucα1,6GlcNAcglycoform (11) of rituximab (Figure 35B). The deglycosylated rituximab was purified
away from the WT endoglycosidase and excess glycans by affinity chromatography with
a protein A column to give the Fuc α1,6GlcNAc-rituximab intermediate (11). We found
that EndoF3 D165A was able to efficiently transfer sialylated and asialylated bi-antennary
N-glycans from the corresponding glycan oxazolines (1 and 13) to the Fuc α1,6GlcNAcrituximab acceptor (11) to form the respective new glycoforms of rituximab (12 and 14).
Likewise, the EndoF3 D165A mutant was also efficient to glycosylate the Fuc
α1,6GlcNAc-rituximab (11) using the triantennary glycan oxazoline (7) as the donor
substrate to give the triantennary complex glycoform of rituximab (15). The reaction could
be readily pushed to completion when a 40-50 molar equivalent (i.e., 20-25 molar
equivalent per monomeric Fc domain) of the glycan oxazoline was added in two portions.
The reaction yield was estimated by LC-MS analysis to be over 95% as almost no starting
material was detected, which confirmed the completion of the transglycosylation.

The

rituximab remodeling progress was first monitored by SDS-PAGE analysis. In all the
cases, the products showed a single band for the heavy chain that was ca. 2 kDa larger than
the heavy chain of the Fuc α1,6GlcNAc-rituximab, while the light chain was a single band
with the same size before and after the reactions. These data suggest that a single N-glycan
was attached to each of the heavy chain of the intact antibody without modification on the
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light chain. LC-MS analysis of the transglycosylation products (12 and 14) carrying biantennary N-glycans revealed that the heavy chain of 12 and 14 appeared as a single species
at 51412 and 50835 (deconvolution data), respectively, which are in good agreement with
the calculated molecular mass (M = 51421 Da and 50839 Da) for the heavy chains carrying
a sialylated or asialylated bi-antennary N-glycan (with core-fucose), respectively (Figure
35C and 35D). In the case of the triantennary glycoform (15), the deconvolution data of
the ESI-MS revealed a single peak at 51204 for the heavy chain of 15, which matches well
the calculated molecular mass of the heavy chain carrying a single triantennary N-glycan
(M = 51199 Da) (Figure 35E).
To further confirm that the N-glycan was attached specifically to the Asn-297 Nglycosylation site of the Fc domain, instead of other sites of the polypeptide backbone that
might occur by non-enzymatic reactions, we treated the transglycosylation products with
PNGase F and examined the protein portion and N-glycan portion by mass spec analysis.
PNGase F was highly specific and could release the N-glycans only when they were
attached to the Asn side chain in an N-glycosylamide linkage at the conserved
glycosylation site in the glycoproteins. LC-MS analysis of the heavy chain of the PNGase
F treated transglycosylation product (12) gave a species of 49066 (deconvolution data),
which matches well with the calculated molecular mass of the polypeptide backbone of the
heavy chain without any additional modifications (M = 49069 Da) (Figure 35F). On the
other hand, the light chain of the transglycosylation product (12) appeared as a single
species at 23038, which matches the calculated molecular mass of the light chain of
rituximab (M = 23039 Da) (Figure 35G). Taken together, these results clearly indicated
that a single sialylated bi-antennary N-glycan was conjugated to the antibody heavy chain,
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and the intact N-glycan was attached at the conserved N-glycosylation site without any
non-enzymatic conjugation of N-glycans. We also tested the glycosynthase mutant, EndoS
D233A, which was previously shown to be capable of transferring bi-antennary N-glycan
to intact antibody acceptor. We found that EndoS D233A was unable to transfer the
triantennary glycan oxazoline (7) to rituximab, as no transglycosylation product was
detected even after a prolonged incubation (over 5 h).

Figure 35. LC-MS analysis of the heavy chain and light chain of the rituximab
glycoforms. A) heavy chain of the commercial rituximab (10); B) heavy chain of the
EndoF3 deglycosylated rituximab (11); C) heavy chain of the transglycosylation product
(12); D) heavy chain of the transglycosylation product (14); E) heavy chain of the
transglycosylation product (15); F) heavy chain of the PNGase F treated
transglycosylation product (12); G) light chain of the transglycosylation product (12).
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4.26 Binding of the Glycoengineered Rituximab to the C-type Lectin Galectin-3
The affinity of the remodeled glycoforms of rituximab for galectin-3 was examined
by surface plasmon resonance (SPR) analysis. Galectin-3 was immobilized on the CM5
chip and the various rituximab glycoforms were injected as analytes, following our
previous procedures (296). The commercially available rituximab showed no detectable
binding under the concentrations tested (Figure 36A). However, both the bi-antennary and
triantennary glycoforms, G2F and G3F, showed strong binding to galectin-3 (Figure 36B
and 36C). The KD values for the biantennary and triantennary glycoforms were estimated
to be 130 nM and 64 nM, respectively, indicating that the terminal galactosylated
triantennary glycoform of antibody has higher affinity for galectin-3 than that of the
terminal galactosylated bi-antennary antibody glycoform.
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Figure 36. Representative SPR sensorgrams of the binding of G2F and G3F
glycoforms with galectin-3. Galectin-3 was immobilized on the CM5 chip and the
binding was analyzed by injecting the respective IgG glycoforms at serial (two-fold)
dilutions of concentrations starting at 1 mM. A) binding of galectin-3 with commercial
rituximab; B) binding of galactin-3 with the bi-antennary G2F glycoform (14); C)
binding of galectin-3 and the triantennary G3F glycoform (15).
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4.27 Binding of the Glycoengineered Rituximab to the FcγIIIa receptor (FcγRIIIa)
The affinity of the remodeled glycoforms of rituximab for FcγRIIIa was examined
by surface plasmon resonance (SPR) analysis. Protein A was non-specifically bound to the
CM5 chip and used to capture the various rituximab glycoforms. After capture of antibody
glycoforms, the FcγRIIIa was injected over as the analyte to obtain the SPR responses
(Figure 37). Fitting the data with the 1:1 binding model did not give reliable kinetic
parameters. Then the data were analyzed by using the steady state fitting (Figure 37). The
KD values for the binding of FcγRIIIa to the commercial rituximab, the G2F and the G3F
glycoforms were estimated to be 245 ± 1nM, 162 ± 5nM, and 168 ± 8nM, respectively.
The G2F and G3F glycoforms showed similar affinity for FcγRIIIa, but their affinity for
the FcγRIIIa is slightly higher than that of the commercially available rituximab.

Figure 37. Typical SPR sensorgrams for the binding of rituximab and remodeled
rituximab glycoforms with FcγRIIIa: A) commercial rituximab; B) G2F glycoform; C)
G3F glycoform. The steady state fitting profiles were shown below each of the
sensorgram.
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4.3 Discussion and Conclusion
In this study, we have reported a successful and high-yield expression of soluble
recombinant EndoF3 as a CPD fusion protein, along with the generation and expression of
glycosynthase mutants that possess potent transglycosylation activity with glycan
oxazolines but are devoid of product hydrolysis activity. We have also established an
efficient semi-synthesis of triantennary complex type N-glycan and the corresponding
glycan oxazoline, which will be useful substrates for assessment of new glycosynthase
mutants. It should be mentioned that previous attempts to express soluble EndoF3 have
met with little success, because of inclusion body formation (291,292). The new EndoF3
CPD construct makes it possible to express soluble and active EndoF3 and its mutants on
a large scale with high expression yield.
We have found that the two glycosynthase mutants generated, D165A and D165Q,
are highly specific for α1,6-fucosylated GlcNAc acceptor. The significant difference in
transglycosylation activity with the core-fucosylated and non-fucosylated GlcNAc
acceptors appears consistent with the known substrate specificity of EndoF3 for N-glycan
hydrolysis. It was previously reported that wild type EndoF3 hydrolyzed core-fucosylated
glycopeptides more than 300 fold faster than the corresponding non-fucosylated
glycopeptide substrates (144). An important discovery in this study is that the EndoF3
glycosynthase mutants are able to transfer triantennary complex type N-glycan to
fucosylated GlcNAc-peptides and deglycosylated monoclonal antibodies, which could not
be achieved by previously reported glycosynthases such as those derived from EndoA,
EndoM, EndoD, and EndoS. This highly convergent chemoenzymatic assembly of
complex glycopeptides provides an alternative to pure chemical synthesis of biologically
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important glycopeptides such as tumor-associated glycopeptide antigens useful for
development of vaccines and diagnostic tools (297). The usefulness of the EndoF3 mutants
for complex glycopeptide synthesis was exemplified by an efficient synthesis of the core
fucosylated triantennary complex type CD52 glycopeptide antigen. (297)
On the other hand, the ability of the EndoF3 mutants to transfer both biantennary
and triantennary complex type glycans to the deglycosylated antibodies such as rituximab
significantly expands the scope of the chemoenzymatic approach for glycosylation
remodeling of antibodies (270). It should be pointed out that the Fc triantennary glycoform
obtained by the glycosylation remodeling represents a novel antibody glycoform that is
rare for natural and recombinant antibodies, probably due to restricted access of
glycosyltransferases for further processing (81,298). It was previously reported that some
amino acid mutations within the Fc domain could alter the conformation of the antibody,
enabling the production of triantennary glycoforms as minor fractions (299).
We also measured the affinity of the terminal fully galactosylated triantennary
antibody glycoform with galactin-3, a C-type lectin. Galectin-3 recognizes α-galactosideterminating glycoconjugates in biological systems and plays important roles in a number
of biological processes including cell adhesion, autoimmunity, and cancer metastasis
(300). The fact that the new triantennary complex type glycoform demonstrates much
higher affinity for galectin-3 than that of the commercial rituximab suggests that the
glycosylation remodeled antibody may confer novel properties to the antibodies in vivo.
Moreover, a recent report has demonstrated that IgGs with terminal galactose residues in
the Fc glycosylation interact with Dectin-1 and Fc receptor to elicit an anti-inflammatory
response (301). It would be interesting to test whether the newly obtained, fully
97

galactosylated Fc glycoforms of antibodies will show enhanced anti-inflammatory
activities in animal models.
In summary, the EndoF3 mutants (D165A and D165Q) described in this study
represent the first endoglycosidase-based glycosynthases capable of accepting triantennary
complex type N-glycans for transglycosylation. The ability of the EndoF3 mutants to
transfer triantennary complex type N-glycans to α1,6-fucosylated GlcNAc-polypeptides
and deglycosylated intact antibodies significantly expands the scope of the
chemoenzymatic method, which could not be achieved by the previously reported
glycosynthases such as the EndoS and EndoM mutants. It is expected that the new EndoF3
glycosynthases will find useful applications for convergent chemoenzymatic synthesis of
core-fucosylated complex type glycopeptides and glycoproteins, as well as for
glycosylation remodeling of intact antibodies to obtain novel glycoforms for functional
studies.
4.4 Experimental Procedures
Materials
Fmoc-Asn(Fucα1,6GlcNAc)-OH and core-fucosylated CD52 antigen were
synthesized following our previously reported procedures (290). Monoclonal antibody
rituximab (rituxan, Genetech Inc., South San Francisco, CA) was purchased through
Premium Health Services Inc. (Columbia, MD). Asialo and sialoglycan complex type
oxazoline was synthesized following a modified reported procedure (153). EndoS WT and
EndoS D233A from Streptococcus pnumenoiae were overexpressed and purified following
our previous procedure (270). Fetuin was purified from the fetal bovine serum (Sigma)

98

using a modified procedure of Spiro (149). Porcine fibrinogen was purified from porcine
plasma (Sigma) using a modified procedure (302).
Cloning, Expression, and Purification of EndoF3
The cDNA fragment encoding the EndoF3 gene without the signal peptide
(nucleotides 118-987; amino acid 40-329) was amplified by PCR from the genomic DNA
of Elizabethkingia meningoseptica (ATCC Number 51720D). The forward primer was 5’GGAATTCCATATGGCTACTGCTTTGGCGG, and the reverse primer was 5’CGCGGATCCCAGGTTCTTCACTGCATCTC. An NdeI site was added to the forward
primer and a BamHI site was added to the reverse primer (underlined). Both amplified
DNA fragments were cloned into pCPD-Lasso (a pET22b-CPD derivative) after digestion
with NdeI and BamHI. The constructed plasmid, pCPD-Lasso EndoF3 was transformed
into BL21 (DE3). The transformants were cultured in 1 L of terrific broth media
supplemented with 50 µg/mL carbenicillin. Cultures were grown at 37°C until the cells
reached an OD of 1-1.5 at 600 nm. Then 0.1 mM isopropyl β-D-1-thiogalactopyranoside
and 100 mL of glycerol were added to the culture to induce protein overproduction at 16
°C. After 30 h the cells were harvested centrifugation. The cell pellets were lysed using BPER protein extraction reagent (Pierce) following manufactures instructions. The cell lysis
was applied to HisTrap HP (GE) and washed with phosphate-buffer saline (PBS) with 30
mM imidazole (pH 7.4). Bound His-tagged protein was eluted with a gradient from 0-500
mM imidazole in PBS buffer. The purified EndoF3 was desalted and concentrated with
PBS using centrifugal diafiltration with an Amicon ultra filtration (10 kDa, Millipore). The
protein purity was confirmed using SDS-PAGE and the concentration was quantified using
measurement of the absorption at 280 nm on a NanoDrop 2000c.
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High-performance liquid chromatography (HPLC)
Analytical RP-chromatography was performed on a Waters 626 HPLC instrument
and a Symmetry 300 C18 column (5.0 µm, 4.6 x 250 mm) or an XBridge BEH130 C18
column (3.5µm, 4.6x250 mm) at 40°C. The Symmetry300 column was eluted with a linear
gradient of acetonitrile (MeCN) (0-60%) containing TFA (0.1%) over 30 min at a flow rate
of 1.0 mL/min. (method A). The XBridge column was eluted with a linear gradient of
MeCN (0-20%) containing TFA (0.1%) over 30 min at a flow rate of 0.5 mL/min (method
B).
Liquid Chromatography Mass spectrometry (LC-ESI-MS) of free glycan and
glycopeptides
The LC-MS was performed on a LXQ Linear Ion Trap with an Agilent Poroshell
300SB-C8 column (5 µm, 75 x 1 mm). The analysis was performed at 30 °C eluting with
a linear gradient of 0-10% MeCN containing 0.1% formic acid within 10 min at a flow rate
of 0.40 mL/min.
Liquid Chromatography Mass Spectrometry (LC-ESI-MS) of IgG
The LC-MS analysis was performed on a LXQ Linear Ion Trap or Exactive Plus
Orbitrap (Thermo Scientific) with an Agilent Poroshell 300SB-C8 column (5 µm, 75 x 1
mm). The IgG antibody samples were treated with 50 mM TCEP and heated at 37 °C for
20 min then subjected to LC-MS analysis. The analysis was performed at 60 °C eluting
with a linear gradient of 25-35% MeCN containing 0.1% formic acid within 10 min at a
flow rate of 0.40 mL/min. The LC-MS analysis of PNGase F treated antibody glycoforms
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was performed in the same manner but included a 1-hr incubation with PNGaese F prior to
TCEP treatment. Raw data was deconvoluted using MagTran (Amgen). The molecular
mass of the commercial rituximab was calculated using the amino acid sequence described
in drugbank.ca with the following known modifications: N-terminal pyroglutamic acid
formation on the light and heavy chain, C-terminal lysine cleavage of the heavy chain, and
full reduction of intrachain disulfide bonds (2 in the light chain and 4 in the heavy chain).
High-Performance

Anion-Exchange

Chromatography

coupled

with

Pulsed

Amperometric Detection (HPAEC-PAD)
HPAEC-PAD was performed on a Dionex DX600 or Dionex ICS-5000
chromatography system (Fischer Scientific) equipped with an electrochemical detector
(ED50) and an anion exchange column (CarboPac PA100 4 x 250mm or CarboPac PA200,
4 x 250mm). The mobile phase (flow rate, 0.5 mL/min) was composed of 100 mM NaOH
(eluent A), and 250 mM NaOAc/ 100 mM NaOH (eluent B). The gradient used was as
follows: 0 min, 49.5% eluent A, 0.5% eluent B, 50% eluent C; 10.0 min, 45% eluent A,
5% eluent B, 50% eluent C; and 50.0 min, 27.5% eluent A, 22.5% eluent B, and 50% eluent
C.
Nuclear Magnetic Resonance
The purified N-glycans were deuterium exchanged using 99% D2O (three times)
and dried by lyophilization. The dried glycans were dissolved in 500 L of deuterium
oxide (100%) and transferred to a NMR tube. 2D-HSQC 1H-13C NMR spectra were
recorded in a Bruker 950 MHz both with a cryo-probe. All chemical shifts were assigned
in ppm.
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Site-Directed Mutagenesis of EndoF3
EndoF3 mutants, D165A and D165Q, were generated using the QuickChange sitedirected mutagenesis kit (Stratagene). Briefly, primers containing the desired mutation
were used to perform PCR using pCPD-Lasso EndoF3 as a template. After PCR the
mixture was digested with DpnI and then the mixture was transformed into DH5α max
efficiency cells (Invitrogen). Mutations were confirmed by DNA sequencing. Mutants
were expressed and purified in the same method as the wild type proteins with similar
yields.
Semisynthesis of Triantennary Oxazoline
A semisynthesis of the triantennary oxazoline was achieved using bovine fetuin Nglycans as the starting material. The N-glycans of fetuin, which include both biantennary
and triantennary complex type glycans, were cleaved using EndoF3 and purified using the
acetone/methanol selective precipitation method.(151) The purified glycans which contain
small amounts of impurities were first desalted on a Sephadex G25 (Sigma) column and
further purified using ion-exchange chromatography on a HiTrap DEAE-Sepharose FF
(GE Healthcare) column using a NaCl gradient of 0 to 100mM over 60 min at a flow rate
of 1 ml/min. Each peak was separately desalted on a Sephadex G25 column (Sigma) and
the purity of each fraction was determined by HPAEC-PAD. The fraction containing trisialylated triantennary glycans 5 was used as the starting material for the semisynthesis.
The STCT glycan 5 was treated with neuraminidase (NEB) in 50 mM sodium citrate buffer
pH 6.0 at 37 °C for 16 h. The reaction progress was monitored by HPAEC-PAD and ESIMS, which confirmed complete desialylation. After digestion, the solution was subjected
to gel filtration on a Sephadex G-15 column eluted with water. The purified asialo
102

triantennary glycan 6 (25 mg) and 2-chloro-1,3-dimethyl-2-imidazolinium chloride (DMC)
(46.8 mg) were dissolved in 100 uL of water at 4 °C. Then 80 L Et3N was added and the
mixture was stirred at 4 °C for 30 min. The reaction was monitored by HPAEC-PAD which
confirmed the completion of the reaction. The reaction solution was subjected to gel
filtration on Sephadex G-15 column eluted with water containing 0.1% Et3N. The fractions
containing the TCTox were combined and lyophilized to give the TCTox as a white powder
(23.9 mg). The TCTox 7 was resuspended in a 20 mM solution of NaOH ensuring an
alkaline solution for the stability of the oxazoline.
1

H NMR (D2O, 950 MHz) of the TCT glycan (6): δ 5.21 (H-1 of GlcNac 2α), 5.13 (H-1 of

α-Man 4), 4.93 (H-1 of α-Man 4’), 4.77 (H-1 of β-Man 3), 4.72 (H-1 of GlcNac 2β), 4.58
(H-1 GlcNAc 5’,5), 4.54 (H-1 of GlcNac 7), 4.47 (H-1 of Gal 6’,6,8), 4.23 (H-2 of Man 4),
4.23 (H-2 of Man 3), 4.12 (H-2 Man 4’), 2.08 (NAc GlcNAc 2,7), 2.05 (NAc GlcNAc 5,5’)
13

C NMR (D2O, 239 MHz) of the TCT glycan (6): δ 90.59 (C-1 of GlcNac 2α), 99.30 (C-

1 of α-Man 4), 97.18 (C-1 of α-Man 4’), 100.49 (C-1 of β-Man 3), 94.95 (C-1 of GlcNac
2β), 99.31 (C-1 GlcNAc 5’,5), 101.63 (C-1 of GlcNac 7), 103.01 (C-1 of Gal 6’,6,8), 76.05
(C-2 of Man 4), 70.22 (C-2 of Man 3), 76.31 (C-2 Man 4’), 22.22 (NAc GlcNAc 2,7),
22.38 (NAc GlcNAc 5,5’)
1

H NMR (D2O, 950 MHz) of TCT oxazoline 7: δ 6.11 (H-1 of GlcNAc 2), 5.12 (H-1 of

α-Man 4), 4.96 (H-1 of α-Man 4’), 4.74 (H-1 of β-Man 3), 4.62 (H-1 GlcNAc 5), 4.58 (H1 GlcNAc 5’), 4.56 (H-1 of GlcNAc 7), 4.48 (H-1 of Gal 6, 6’3,8), 2.06 (NAc GlcNAc
2,5,7,7’)
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13

C NMR (D2O, 239 MHz) of TCT oxazoline 7: δ 100.01 (C-1 of oxazoline), 99.12 (C-1

of α-Man4), 96.60 (C-1 of α-Man4’), 101.3 (C-1 of β-Man 3), 99.46 (C-1 GlcNAc 5’),
99.46 (C-1 GlcNAc 5,7), 102.9 (C-1 of Gal 6,6’,8), 22.37 (NAc GlcNAc 2,5,7,7’)
Transglycosylation of Fmoc-Asn (Fucα1,6 GlcNAc)-OH with SCTox by EndoF3
D165A: Synthesis of 4
A solution of SCTox (1) (125 µg, 6.24 mM), Fmoc Asn GlcNAc (Fuc)-OH (2) (10
µg, 1.422 mM), and EndoF3 D165A (3.5 µg) was incubated at 37 °C in 100 mM Tris pH
7.4 in 10 µL total volume. Aliquots of 0.5 µL were taken at intervals and the reaction was
quenched with 0.1% TFA. The reaction was monitored using reverse-phase HPLC analysis
(method A) along with LC-MS to confirm product formation. Calculated M = 2706.50
found m/z 903.24 [M + 3H]+3and m/z 1354.04 [M + 2H]+2.
Transglycosylation of core-fucosylated CD52 with TCTox by EndoF3 D165A:
Synthesis of 9
A solution of TCTox (6) (450 µg, 6.24 mM), CD52-GlcNAc-Fuc (100 µg, 1.56
mM) (8), and EndoF3 D165A (14 µg) was incubated at 37 °C in 100 mM Tris pH 7.4 in
40 µL total volume. The reaction was monitored using reverse-phase HPLC analysis
(method B). Completion conversion of 8 to 9 was observed within 2 h. The product (9) was
confirmed with LC-MS. TCT-CD52 calculated M = 3384.3 Da; found, m/z 1129.3 [M +
3H]+3.
Transglycosylation of (Fuc 1,6) GlcNAc-Rituximab with CTox, SCTox, and TCTox
by EndoF3 D165A: Synthesis of 12, 14, and 15
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A solution of (Fucα1,6) GlcNAc-rituximab (1 mg, 69 µM) (11) and SCTox (700
µg, 3.5 mM) (1) was incubated with EndoF3 D165A (35 µg) at 37 °C in 100 µL of 100
mM Tris buffer (pH 7.4) for 45 min. Then another 550 µg of SCTox (1) was added and the
reaction was monitored by LC-MS of aliquots. After incubation for a total of 1.5 h, LCMS analysis indicated that a completion transglycosylation of the deglycosylated rituximab
was achieved. The product (12) was purified using protein A chromatography. LC-MS:
calculated for the heavy chain of 12 carrying the fully sialylated biantennary N-glycan, M
= 51421 Da; found (m/z), 51412 (deconvolution data).
A solution of (Fucα1,6) GlcNAc-rituximab (1 mg, 69 µM ) (11) and CTox (500 µg,
3.5 mM) (13) was incubated with EndoF3 D165A (35 µg) at 37 °C in 100 µL of 100 mM
Tris buffer (pH 7.4). After 45 min another 400 µg of CTox was added. The mixture was
incubated for 1h when LC-MS analysis of an aliquot indicated the complete conversion of
11 to 14. The product (14) was purified using protein A chromatography. LC-MS:
calculated for the heavy chain of 14 carrying the complex type biantennary N-glycan, M =
50839 Da; found (m/z), 50835 (deconvolution data).
A solution of (Fucα1,6) GlcNAc-rituximab (1 mg, 69 µM) (11) and TCTox (625
µg, 3.47 mM) (6) was incubated with EndoF3 D165A (35 µg) at 37 °C in 100 mM Tris pH
7.4 in 100 µL total volume. After 45 min another 500 µg of TCTox was added and the
mixture was incubated for 1 h when LC-MS analysis indicated the completion of
transglycosylation. The product (15) was purified using protein A chromatography. LCMS: calculated for the heavy chain of carrying the complex type triantennary N-glycan
(15), M = 51204 Da; found (m/z), 51199 (deconvolution data).
Surface Plasmon Resonance
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The binding between glycoengineered IgG glycoforms and galectin-3 was
measured by surface plasmon resonance (SPR) using a Biacore T100 instrument (GE
Healthcare, USA). Galectin-3 was immobilized on a CM5 biosensor chip (GE Healthcare)
using amine coupling chemistry pH 5.0 to reach 1000 response units. Each glycoform of
IgG was injected at 40 µL/min. After each cycle the surface was regenerated by injecting
3 M MgCl2.
The binding between glycoengineered IgG glycoforms and FcγRIIIa was measured
by surface plasmon resonance (SPR) using a Biacore T100 instrument (GE Healthcare,
USA). Protein A was immobilized at 6000 RU on a CM5 biosensor chip (GE Healthcare)
using amine coupling chemistry at pH 4.5. Each glycoforms of IgG in PBS was injected at
10 µL/min over the protein A surface to a capture level of 150 RU. A serial dilution of Fc
receptor was injected at 30 µL/min. After each cycle, the surface was regenerated by
injecting a Glycine HCl buffer (10 mM, pH 2.5).
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Chapter 5: Chemoenzymatic glycoengineering of IgG antibodies
using EndoS glycosynthase mutants
5.1 Introduction
In 2001 Collin and Olsen identified a secreted endoglycosidase in the human
pathogen Streptococcus pyogenes capable of specifically cleaving the linkage between
the di-N-acetylchitobiose core of the N-linked glycan attached to the Asn- 297 of the
heavy chain of the Fc fragment of human IgG (186). This endoglycosidase named,
EndoS, is a part of GH18 family of glycoside hydrolases and shows similarity to previous
identified endoglycosidases from F. meningosepticum, EndoF1-3 (169). EndoS was
shown to efficiently cleave all human IgG subclasses IgG1-4 and also showed the same
hydrolytic activity when the reaction was performed in whole blood serum (190,303).
One interesting aspect of this discovery was that EndoS was shown to be specific for the
glycans of IgG as it does not cleave glycans from other glycoprotein substrates. All other
endoglycosidases, except the later discovered EndoS2 which is from the same bacteria,
cleave non discriminately and have no requirement of amino acid sequence or protein
identity (193,304). This specificity makes EndoS more active than other typical
endoglycosidases and also opens up interesting applications as the glycans of IgG are of
particular interest to many research labs and biotechnology companies. Further work on
EndoS went on to show the requirement for the catalytically active glutamate residue
Glu235 and several tryptophan residues for enzymatic activity (189). Many studies have
shown that the hydrolytic activity of EndoS on IgG glycans reduces the binding affinity
to activating Fc receptors, C1q, and affects the local structure of IgG. These studies
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suggest that the complex N-glycan structures are required for binding to these receptors
and important for the three-dimensional structure of IgG (49,50,248,305-307). This
interesting function of EndoS has been explored as a possible treatment for many
autoimmune diseases and has been shown to be successful in treating several
autoimmune diseases in animal models including (308-311). Due to its specificity to
IgG, we were interested in its potential to act as a glycosynthase in order to produce
homogenous glycoforms of IgG.
Antibodies are an important class of molecules that are involved in immune
responses to foreign agents. They play key roles in humoral adaptive immune response
by binding to specific antigens and linking them to the innate immune system. There are
five main types of antibodies including IgA, IgD, IgE, IgG, and IgM with the most
abundant antibody being IgG making up around 75% of serum antibodies and providing
the majority of antibody-based immunity against invading pathogens (248,312,313). IgG
is further separated into four subclasses (IgG1-4). IgG is a soluble serum glycoprotein
that binds to antigens and mediates its clearance. IgG is composed of two identical heavy
chains and two identical light chains held together with disulfide bonds in the hinge
region of the protein. IgG contains two main regions: the Fab domain which is contains
two light chains and half of the heavy chain and the Fc region containing the rest of the
two heavy chains (314). The Fab portion mediates the binding to specific antigens and
corresponds to the top of the Y-shaped structure. The Fc region, which corresponds to the
stem of the Y-shaped structure, mediates the effector functions of IgG by binding to
effector proteins such as Fc receptors. IgG contains one conserved N-glycosylation site at
the asparagine-297 (N297) position in the CH2 domain of the heavy chain in the Fc
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region of IgG (315). X-ray crystallography studies of the Fc region of IgG suggest that
the N-glycans are located between the cavity of the two Cγ2 domains and that they can
influence the steric hindrance between the two chains keeping the IgG in an open
conformation (316,317). When the N-glycans are removed the IgG takes a more closed
conformation as the heavy chains collapse and the binding to Fc receptors is decreased
(318). The typical composition of N-glycans at N297 are biantennary complex type with
a great deal of heterogeneity due to the possible addition of a core fucose or bisecting
GlcNAc and the varying amounts of terminal galactose and sialic acid residues. Studies
have demonstrated that over 30 glycoforms can be found on a single heavy chain while
the pairing with a different glycoform on the other heavy chain of the dimer increases this
heterogeneity significantly (319-321).
IgG can elicit a variety of effector functions by binding specifically to different
Fcγ receptors and the initiator of the complement cascade C1q. Members of the FcγR
family are divided into two groups either activating or inhibiting FcγRs. When IgG binds
a target antigen and interacts with an activating FcγR (FcγRIA, FcγRIIA, FcγRIIC, and
FcγRIIIA) a signal is transmitted through an immunoreceptor tyrosine-based activation
motif (ITAM). This activation signal leads to pro-inflammatory activity mediating the
destruction and clearance of the antigen by antibody-dependent cellular cytotoxicity
(ADCC) and antibody-dependent cellular phagocytosis (ADCP) (322).
It has been demonstrated that the structures of the Fc N-glycans can influence the
pro and anti-inflammatory activities of antibodies (50,51,279,323). One particular
example and the most studied is the influence of core fucose on the binding to the FcγIIIa
receptor (FcγRIIIA). The removal of core fucose significantly enhances the binding
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affinity for FcγRIIIA which mediates the ADCC ability of the IgG. Afucosylated IgG
shows a drastic increase, up to 40-50 fold, in binding affinity to FcγRIIIA and natural
killer cell mediated ADCC. The increased affinity has been shown to be related to the
loss of steric hindrance which allows for greater glycan-glycan interaction between the
IgG and FcγRIIIA (51,71,324). Another prevalent example has been the influence of
terminal sialyation of the Fc N-glycan and its anti-inflammatory ability. The addition of
terminal α2,6 linked sialic acid residues has been demonstrated to increase the antiinflammatory potential of IVIG in multiple studies (53,54). Further work also
demonstrated this increase in anti-inflammatory activity of sialylated IVIG in animal
models as these sialylated glycoforms allowed for lower doses to treat various
autoimmune diseases (325-327). Indeed, IgG glycosylation is an important factor that
influences the ability of the antibodies to elicit an immune response.
The impact glycosylation plays on the biological functions and binding affinity of
IgG to a variety of receptors has led to a large amount of research and interest into
developing methods to control the glycosylation pattern on the Fc region of IgG. One
approach has been to engineer cell lines to produce specific N-glycan profiles by
overexpressing or knocking out expression of various glycosyltransferases or
glycosidases involved in the biosynthetic N-glycan pathway. Many systems have been
designed to produce low or nearly complete afucosylated monoclonal antibodies with
improved ADCC activities. These engineered cells lines take a variety of approaches
including overexpressing GNTIII which increases bisecting GlcNAc which in turn
inhibits core fucosylation, knocking out FUT8 which is responsible for core fucosylation,
using fucose analogs that inhibit GDPmannose dehydratase which is the first enzymes
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responsible for the synthesis of GDP-fucose, or inhibiting GDP-fucose transporter (328331). Others have explored methods to produce heavy sialylated IgGs in cell systems by
overexpressing sialic acid transferases (ST6Gal-I or SIAT1) while others explored
various mutations in the Fc region that increase sialyation such as F241A and F243A
(332-335). Although these strategies have improved cell glycoengineering complete
control over the exact glycoform produced is still difficult and in most cases still not in
reach with most expression systems. Another approach to obtain homogenous IgG
populations is to use exoglycosidases and glycosyltransferases to modify the N-glycans
in vitro to achieve the desired product (327,336,337). This sort of approach can only
remove or add one monosaccharide at a time and requires the use of expensive sugar
donors such as CMP-sialic acid or UDP-Gal which can be hard to scale to mg quantities
for cell based and animal studies. Another in vitro glycoengineering method developed
by our lab involves the chemoenzymatic approach which takes advantage of the
transglycosylation activity of endo-β-N-acetylglucosaminidases (endoglycosidases). This
method enables the construction of complex glycoproteins by using purified glycan
donors and mutant endoglycosidases for a convergent native ligation between the
oxazoline glycan and GlcNAc-protein acceptor. These mutant endoglycosidases have
little to no hydrolysis activity and can use these activated glycan oxazolines as substrates
for transglycosylation. Our lab has successfully created glycosynthase mutants from a
few endoglycosidases using site directed mutagenesis of a vital residue that is important
for promoting the formation of the sugar oxazolinium ion intermediate at the catalytic site
during enzymatic hydrolysis. Previously we have shown that EndoA and EndoD can both
transfer to the Fc domain of IgG using Man3GlcNAc oxazoline or other synthetic
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oxazolines but neither could transfer a fully complex glycan to IgG (121,122,338). This
lead us to investigate the ability of EndoS and potential glycosynthase mutants of EndoS
to synthesize fully complex glycoforms of IgG using both fucosylated and afucosylated
structures. In the following chapter we report two glycosynthase mutants EndoS D233A
and D233Q generated by site directed mutagenesis and demonstrate their ability for
mediating the transfer of complex type glycans to IgG. Furthermore, we demonstrate the
important applications that these homogenous glycoforms of IgG allow us to address
including preparation of a homogenous Fc fragment for x-ray crystallography studies and
use of these IgG glycoforms to investigate binding with Fcγ receptors using surface
plasmon resonance studies (SPR).
5.2 Results and Discussion
5.2.1 Expression and Characterization of WT EndoS
EndoS is a bacterial endoglycosidase from the GH18 family consisting of 908
amino acid residues (MW=108 kDa) with an N-terminal signaling peptide (aa1-41). Colin
et al. have previously reported the expression of EndoS-GST fusion resulting in high
yield and high activity. Overexpression using this PGEX vector resulting in high
expression in BL 21 DE3 E Coli cells and the EndoS-GST fusion (hereafter called
EndoS) was readily purified using glutathione 4B resin to give the soluble enzyme with a
yield of more than 30 mg/mL (Figure 38A. We confirmed the hydrolytic activity of
EndoS and found that it was extremely active on Rituximab and resulted in complete
cleavage after only 5 minutes (Figure 38B).
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Figure 38. SDS- PAGE analysis of EndoS A) expression; B) IgG hydrolysis

5.2.2 Generation of EndoS D233A and D233Q mutants
We have previously created glycosynthases from several GH85 endoglycosidases
(ENGases), including EndoA, EndoM, and EndoD, by site-directed mutagenesis of a key
asparagine (Asn) residue responsible for promoting oxazolinium ion intermediate
formation during hydrolysis. EndoS is an endoglycosidase belonging to the glycoside
hydrolase family 18 (GH18), which is in the same GH family as EndoF1, EndoF2, and
EndoF3 that were recently shown to have transglycosylation activity. Based on the
assumption that EndoS mediated hydrolysis also proceeds by a substrate-assisted
mechanism involving the formation of an oxazolinium ion intermediate, as demonstrated
by other GH18 endoglycosidases such as EndoF3, we sought to create potential
glycosynthases from EndoS by identifying and mutating the residue responsible for
promoting oxazolinium ion formation. Previous structural and mutagenesis studies on
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EndoF3 have shown that an aspartic acid residue at position 165 (D165), instead of an
asparagine residue as in the family GH85 enzymes, is responsible for promoting
oxazoline formation and that the E167 residue is the general acid/base for catalytic
hydrolysis. Sequence alignment of EndoS with EndoF3 led to the identification of two
key residues in EndoS for catalysis: the D233 residue (corresponding to D165 in EndoF3)
responsible for promoting oxazolinium ion formation and the E235 residue (equivalent to
E167 of EndoF3) as the general acid/base residue in glycan hydrolysis (Figure 39).
Functionally, the D233 residue should be also equivalent to the N171, N175, and N322 in
the GH85 endoglycosidases, EndoA, EndoM, and EndoD respectively. Thus, following
our previous procedure for creating glycosynthases from EndoA, EndoM, and EndoD
that proceed in a substrate-assisted mechanism via an oxazolinium ion intermediate, we
generated two specific mutants, D233A and D233Q by site-directed mutagenesis of
EndoS. These mutants were expressed in Escherichia coli in high yield (30–40 mg/L) as
a GST fusion protein and purified by glutathione affinity chromatography. These mutants
lacked hydrolytic activity under similar conditions used for the WT enzyme even when
longer incubations were used.

Figure 39. Sequence alignment of EndoS and EndoF3

5.2.3 Characterization of glycosynthase mutants of EndoS
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After the purification of these new glycosynthase mutants we then decided to test
their ability to transfer complex type glycan oxazoline to the Fc region of IgG. For the
initial tests we used EndoS WT cleaved IgG purified using a protein A purification as the
acceptor and sialylated complex type oxazoline (SCTox) and complex type oxazoline
(CTox) as the donors. The general glycosylation remodeling approach was presented in
Figure 40 and the reaction were assessed using both SDS-PAGE and LC-ESI-MS
analysis (Figure 41 and Figure 42). Treatment of rituximab (1) with recombinant EndoS
WT resulted in complete deglycosylation of rituximab leaving a GlcNAc (α1,6 Fuc)
rituximab acceptor (2) (Figure 41). We found that both EndoS D233Q and D233A were
able to efficiently transfer both sialylated and asialylated biantennary complex type Nglycans from the corresponding glycan oxazolines (3 and 4) to the GlcNAc (Fuc α1,6)
rituximab acceptor (2) to form the SCT rituximab (5) and CT rituximab (6) respectively
(Figure 41). The reaction could easily be pushed to completion after 1 hour using 40
molar equivalents (i.e. 20 molar equivalents per monomeric Fc domain). The completion
of the reaction can be seen from the SDS-PAGE where lane 1 shows commercial
rituximab and lane 2 shows deglycosylated GlcNAc (Fuc α1,6) rituximab acceptor
whereas lane 3 and lane 4 show the glycoengineered products 5 and 6 (Figure 41).
Further analysis of the reduced heavy chain using LC-ESI-MS confirms the molecular
weight of the starting material 1, intermediate acceptor 2, and products 5 and 6. The
heavy chain of commercial rituximab contains the expected N-glycans G0F, G1F, and
G2F showing peaks of 50509, 50670, and 50829 after deconvolution which is in
agreement with calculated masses: G0F, M = 50515 Da; G1F, 50677 Da; G2F, M =
50839 Da (Figure 42A). EndoS WT treatment of rituximab resulted in complete cleavage
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giving the GlcNAc-Fuc glycoform with mass peak of 49414 after deconvolution in good
agreement with the calculated mass of 49420 (Figure 42B). EndoS D233Q mediated
transglycosylation of SCT and CT to give glycoengineered products S2G2F (5) and G2F
(6) with mass peaks of 51417 and 50832 respectively in good agreement with theoretical
calculated masses (S2G2F M = 51420; G2F M = 50839) (Figure 42C and 42D). This
glycosylation remodeling strategy of deglycosylation and reglycosylation proved to be
very efficient and enabled the combined use of EndoS WT and EndoS glycosynthase
mutant. This newly synthesized glycoforms can be achieved quite easily using our
chemoenzymatic method but engineered cell lines still cannot produce heavy
galactosylated and sialylated glycoforms with such homogeneity.
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Figure 40. Scheme of EndoS mediated transglycosylation of Rituximab

117

Figure 41. SDS-PAGE analysis of rituximab glycoengineering

Figure 42. LC-MS of SCT and CT rituximab
5.2.4 Optimization of EndoS transfer to IgG for synthesize of mg quantities of
homogenous glycoforms
After the initial work done on EndoS and EndoS glycosynthase mutants further
work in our lab was done to both optimize the synthesis of homogenous glycoforms of
IgG for functional studies. In addition to optimization of reaction conditions to achieve
complete product formation in less time and using less glycan oxazoline, two major
advances significantly broadened the scope of this method including the use of EndoS2
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WT to cleave all N-glycans off IgG and the use of the α1,6 fucosidase AlfC which
enables the efficient synthesis of afucosylated antibodies.
Due to the inability of EndoS WT to cleave high mannose type N-glycans we
wanted to explore the use of EndoS2 WT for the initial cleavage step in order to remove
the trace amount of Man5 that is typically found in recombinant mAb products
(194,339,340). Without detailed high resolution analysis detection of these trace Man5 Nglycans can be missed as they represent less than 3% of the total profile of most mAbs. In
collaboration with the Guthrie lab we compared the N-glycan profiles of our remodeling
rituximab made by using EndoS WT or EndoS2 WT in the first deglycosylation step.
Indeed, we found that the trace amount of Man5 was still detectable after the remodeling
process when we used EndoS by was not present when EndoS2 WT was used (341).
In our first publication on EndoS glycosynthase mutants and EndoS mediated
transglycosylation of IgG we demonstrated that EndoS D233Q could transfer complex
type glycans to an afucosylated rituximab acceptor. This GlcNAc-rituximab glycoform
was generated by cleavage with EndoS WT followed by treatment with a α-fucosidase
from bovine kidney. This defucosylation step required a large amount of commercially
prepared enzyme and a long incubation time of over two weeks to go to competition. This
lead us to search for an alternative fucosidase that could be expressed in E coli and had
higher hydrolysis activity toward α1,6 linked fucose. Yebra and coworkers demonstrated
in a 2011 paper that a fucosidase found in a probiotic Lactobacillus casei strain, AlfC,
could specifically hydrolyze α1,6 linked fucose whereas it showed little to no activity
toward α1,2, 1,3 and 1,4 linked fucose. They cloned and expressed AlfC in E coli and
demonstrated its hydrolytic ability on the free disaccharide 6’-fucosyl-GlcNAc (342).
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This lead us to investigate AlfC’s potential at cleaving the α1,6 linked fucose on an intact
antibody after endoglycosidase cleavage. We expressed and purified the codon optimized
synthetic gene for AlfC and obtained an activity enzyme able to cleave fucose linked to
pNp. AlfC also showed efficient cleavage on EndoS WT treated rituximab leading to the
complete removal of fucose when treated overnight. After purification using protein A
chromatography we obtained the rituximab-GlcNAc acceptor. Using both the fucosylated
and afucosylated acceptors we performed the glycosylation remodeling of rituximab to
give a G2F and G2 glycoform (Figure 43). Treatment of rituximab with EndoS WT
resulted in complete cleavage giving rituximab GlcNAc-Fuc acceptor (Figure 44A and
44B). Treatment of purified GlcNAc-Fuc rituximab with AlfC overnight at pH 7.4
resulted in complete cleavage of the α1,6 linked fucose giving GlcNAc-rituximab
acceptor (Figure 44C). The EndoS mediated transglycosylation of both fucosylated and
afucosylated acceptors using CTox was achieved in good yields and high purity (Figure
44D and 44E). After purification using protein A choreography we obtained both G2F
and G2 glycoforms in mg quantities.
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Figure 43. Scheme of EndoS mediated glycoengineering using AlfC to generate
afucosylated IgG
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Figure 44. LC-MS Analysis of remodeling rituximab A) Rituximab; B) Rituximab
GlcNAc-Fuc; C) Rituximab GlcNAc; D) G2F; E) G2
5.2.5 Binding of glycoengineered rituximab glycoforms to FcγRIIIa using SPR
analysis
The affinity of the remodeled glycoforms of rituximab for FcγRIIIa was examined
by surface plasmon resonance (SPR) analysis. Protein A was non-specifically bound to
the CM5 chip and used to capture the various rituximab glycoforms. After capture of
antibody glycoforms, the FcγRIIIa was injected over as the analyte to obtain the SPR
responses (Figure 45). The binding between commercial rituximab, G2F, and G2
glycoform were estimated to be 205 ± 5nM, 115 ± 6nM, and 7 ± 1nM, respectively using
1:1 binding model. The fully galactosylated G2F form showed a slight increase of
binding (~1.8 x) whereas the removal of fucose significantly increased the binding
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affinity with FcγRIIIa showing an increase of over ~30 times which is in agreement with
previous results.

Figure 45. Typical SPR sensorgrams for the binding of rituximab and glycoengineered
rituximab to FcγRIIIa: A) commercial rituximab; B) G2F glycoform; C) G2 glycoform.
5.2.6 Chemoenzymatic synthesis of homogenous sialylated Fc for crystallography
studies
The ability to make large milligram quantities of homogenous glycoforms of IgG
led us to collaborate with the Bjorkman group to obtain a crystal structure of fully
sialylated IgG Fc to investigate the structural changes that occur when IgG has complete
sialyation and how this can lead to the anti-inflammatory effects reported (53,54). We
have previously synthesized a fully sialylated rituximab IgG but in this case we wanted to
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crystalize only the Fc portion of IgG so we started our chemoenzymatic synthesis with a
papain cleaved rituximab. After papain cleavage we treated the Fc fragment with EndoS
WT to obtain the Fc dimer acceptor. The acceptor product was analyzed with LC-ESIMS showing 25289 da mass which is in good agreement with the theoretical mass of
25287.3 (Figure 46A). This acceptor molecular afforded similar yields when the
transglycosylation reaction was done with SCTox as compared with the full intact IgG
allowing for near complete conversion into the fully sialylated Fc dimer. The reaction
was confirmed with LC-ESI-MS showing 27290 da mass (calculated 27288.9) (Figure
46B).

Figure 46. LC-ESI-MS analysis rituximab Fc A) GlcNac-Fuc glycoform; B) Disialo S2F
glycofrom
In order to get more information about the structural changes we also
investigated the structures of a wild type IgG and a few mutant IgGs expressed in HEK
cells by our collaborators in the Bjokrman lab. Due to the heterogeneity of glycans found
on the Fc of IgG we wanted to quantify the amount of sialyation in each of these IgGs
and compare it to our fully sialylated form. We treated each IgG form (WT Fc HEK, WT
Fc CHO, F241A Fc HEK, F243A Fc HEK, and di-sFc) with PNGaseF and analyzed the
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released glycans using HPAEC-PAD analysis on a Dionex system. Both the WT HEK
and CHO showed no detectable sialylated N-glycans while the F241A and F243A
showed about 21% and 27% of sialylated N-glycans respectively (Figure 47A-47D). Our
in vitro glycoengineered disialo Fc, synthesized using our chemoenzymatic method using
EndoS D233A mediated transglycosylation, showed a product with 100% sialyation
which demonstrates the power of our method (Figure 47E).
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Figure 47. HPAEC-PAD glycan analysis of A) WT Fc HEK; B) WT Fc CHO; C) F241A
Fc HEK; D) F243A Fc HEK; E) di-sFC
5.3 Conclusion
The following EndoS mediated chemoenzymatic approach for glycoengineering
homogenous intact IgG antibodies is a power method that enables mg quantities of pure
IgG glycoforms for downstream applications. The two new EndoS glycosynthase mutants
EndoS D233A and D233Q were generated using site directed mutagenesis and were
found to both be efficient at transferring sialylated and asialo biantennary complex type
glycans to EndoS WT treated rituximab. We used this method to obtain both S2G2F and
G2F glycoforms of rituximab in mg quantities in high yield under mild conditions. Due
to the inability of EndoS WT to cleave the trace amount (less than 3%) of Man5 on
rituximab we expanded our method to include the use of EndoS2 WT for initial cleavage
as it has been demonstrated to be efficient at cleaving both complex, high mannose, and
hybrid type glycans from IgG resulting in a more homogeneous final product. Another
important discovery was the fucosidase enzyme AlfC which enabled the synthesis of
afucosylated antibodies using our method in an efficient manner without the need to use a
non-specific fucosidase from bovine kidney that required long incubations of greater than
2 weeks. AlfC efficiently cleaves the α 1,6 fucose from the endoglycosidase treated
rituximab leaving a GlcNAc-rituximab acceptor. EndoS D223Q was shown to be just as
efficient as using this defucosylated acceptor as a substrate enabling the synthesis of a G2
glycoform of rituximab. We compared the binding affinities of commercial rituximab and
two remodeled glycoforms, G2F and G2, to the Fcγ Receptor IIIa using SPR analysis
demonstrated the dramatic increase in affinity for the G2 glycoform with an increase in
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binding of over 30 times when compared to commercial rituximab. This method will
allow for preparation of highly potent homogenous afucosylated mAbs which can be
useful for clinical applications. Lastly, we demonstrated the usefulness of our
chemoenzymatic method by synthesizing a homogenous disialo Fc fragment of rituximab
for structural studies as our collaborators in the Bjorkman lab were able to solve the
crystal structure of this S2F glycoform of IgG. Indeed, EndoS is an exciting enzyme for
the synthesis of homogenous populations of monoclonal antibodies and other IgGs in
addition to its usefulness as an analytical tool to characterize the N-glycan profile of a
mAb. EndoS mediated transglycosylation will continue to produce homogenous
glycoforms of IgG which will be vital for structural and functional studies.
5.4 Experimental methods
Materials
Monoclonal antibody rituximab (rituxan, Genetech Inc., South San Francisco, CA) was
purchased through Premium Health Services Inc. (Columbia, MD). Asialo and sialoglycan
complex type oxazoline was synthesized following a modified reported procedure (153).
Liquid Chromatography Mass Spectrometry (LC-ESI-MS) of IgG
The LC-MS analysis was performed on a LXQ Linear Ion Trap or Exactive Plus Orbitrap
(Thermo Scientific) with an Agilent Poroshell 300SB-C8 column (5 µm, 75 x 1 mm). The IgG
antibody samples were treated with 50 mM TCEP and heated at 37 °C for 20 min then subjected to
LC-MS analysis. The analysis was performed at 60 °C eluting with a linear gradient of 25-35%
MeCN containing 0.1% formic acid within 10 min at a flow rate of 0.40 mL/min. The LC-MS
analysis of PNGase F treated antibody glycoforms was performed in the same manner but included
a 1-hr incubation with PNGaese F prior to TCEP treatment. Raw data was deconvoluted using
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MagTran (Amgen). The molecular mass of the commercial rituximab was calculated using the
amino acid sequence described in drugbank.ca with the following known modifications: N-terminal
pyroglutamic acid formation on the light and heavy chain, C-terminal lysine cleavage of the heavy
chain, and full reduction of intrachain disulfide bonds (2 in the light chain and 4 in the heavy chain).

Expression of EndoS WT
Wild-type EndoS was overproduced in E. coli and purified according to the
previously reported procedures, using the plasmid pGEX-EndoS that was kindly provided
by Dr. M. Collin (Lund University, Sweden) (304). The transformants were cultured in
Luria–Bertani medium containing 100 mg/L carbenicillin and induced with 0.1 mM
isopropyl-β-D-thiogalactopyranoside for 16 h at 25 °C. The cells were harvested by
centrifugation at 1700g for 15 min at 4 °C. The cell pellet was suspended in phosphatebuffered saline (pH 7.4) with lysozyme and PMSF. The lysed mixture was centrifuged at
16 000g for 20 min at 4 °C. After centrifugation, the supernatant from the cell lysis was
applied to 3 mL of 50% glutathione–Sepharose 4B resin (GE Healthcare). Samples were
incubated at 25 °C for 60 min with gentle rocking. The resin was applied to a 10 mL
column (PD-10 GE Healthcare) and washed five times with PBS. 500 μL of glutathione
elution buffer (50 mM Tris–HCl, 10 mM glutathione, pH 8.0) was added to the column,
incubated at room temperature for 5 min, collected, and then repeated three times. The
eluted fractions were pooled and dialyzed against sodium phosphate buffer (50 mM, pH
7.0) overnight at 4 °C. Protein samples were then concentrated using Amicon ultra
centrifugal filters 10 kDa (Millipore). Concentrated protein samples were analyzed by
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SDS-PAGE, and protein concentration was quantified using a Nano-Drop 2000c
spectrophotometer. The yield of overproduction of the wild-type EndoS was
approximately 40 mg/L.

Site directed mutagenesis of EndoS mutants, D233A and D233Q, and expression
The two EndoS mutants, D233A and D233Q, were generated using the
GENEART site-directed mutagenesis kit (Invitrogen) per the manufacturer’s directions.
The pGEX-EndoS plasmid was used as the template, and LA Taq polymerase (Takara,
Japan) was used for PCR. Mutations were confirmed by DNA sequencing and
transformed into BL21(DE3). The mutants were expressed following the same procedure
as the wild type enzyme and yields were approximately 30 mg/L.
Synthesis of homogenous IgG glycoforms using EndoS D233Q
A solution of (Fucα1,6) GlcNAc-rituximab (5 mg) and SCTox (4 mg) was
incubated with EndoS D233Q (175 µg) at 37 °C in 500 µL of 100 mM Tris buffer (pH 7.4)
for 1 hr. After incubation for a total of 1 h, LC-MS analysis indicated that a completion
transglycosylation of the deglycosylated rituximab was achieved.

The product was

purified using protein A chromatography. LC-MS: calculated for the heavy chain of
rituximab carrying the fully sialylated biantennary N-glycan, M = 51421 Da; found (m/z),
51417 (deconvolution data).
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A solution of (Fucα1,6) GlcNAc-rituximab (5 mg) and CTox (3 mg) was incubated
with EndoS D233Q (175 µg) at 37 °C in 500 µL of 100 mM Tris buffer (pH 7.4). The
mixture was incubated for 1h when LC-MS analysis of an aliquot indicated the complete
conversion/ The product was purified using protein A chromatography. LC-MS: calculated
for the heavy chain of carrying the complex type biantennary N-glycan, M = 50839 Da;
found (m/z), 50832 (deconvolution data).
A solution of GlcNAc-rituximab (5 mg) and CTox (3.5 mg) was incubated with
EndoS D233Q (175 µg) at 37 °C in 500 µL of 100 mM Tris buffer (pH 7.4). The mixture
was incubated for 1h when LC-MS analysis of an aliquot indicated the complete
conversion/ The product was purified using protein A chromatography. LC-MS: calculated
for the heavy chain of carrying the complex type biantennary N-glycan, M = 50839 Da;
found (m/z), 50832 (deconvolution data).

Synthesis of homogenous Disialo Fc Fragment for crystallization
Purified Fc (10 mg) prepared by papain cleavage of Rituximab IgG was treated
with 30 μg of recombinant Streptococcus pyogenes EndoS for 1 h at 37 ºC. Analysis by
LC-ESI-MS showed complete cleavage of the glycan. The deglycosylated Fc was
isolated using a Sephacryl S-200 HR size-exclusion column (GE Healthcare) while
monitoring UV absorbance and collecting peaks. The fractions containing deglycosylated
Fc were pooled and concentrated to give 9 mg of the intermediate (Fuc α1,6) GlcNAc-Fc.
A solution of (Fuc α1,6) GlcNAc-Fc (5 mg) and sialoglycan oxazoline (5 mg) buffered
with Tris–HCl (100 mM, pH 7.0, 0.5 mL) was incubated with Endo0S D233A
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(200 μg) at 30 ºC. Aliquots were taken at time intervals for LC-ESI-MS analysis of
reaction progression. Quantitative conversion was achieved in 2 h. The product was
purified using size-exclusion chromatography as described above. Product fractions were
pooled and concentrated to give di-sFc (4.5 mg). LC-ESI-MS data are as follows:
calculated for (Fuc α1,6) GlcNAc-Fc monomer, M = 25,287.3 Da and found M =
25,289 Da (deconvolution data obtained from the original spectrum); calculated for fully
sialylated N-glycan Fc monomer, M = 27,288.9 Da and found M = 27,289 Da
(deconvolution data) (134).
N-glycan analysis
We treated 25 μg of each Fc fragment with PNGase F (New England Biolabs) in a
G7 buffer (0.5 M sodium phosphate, pH 7.5) following the manufacturer's instructions.
Samples were purified over a CarboPac PGC column and analyzed using HPAEC-PAD
on a Dionex ICS 5000 with a CarboPac PA200 column. The N-glycans were eluted in
100 mM NaOH with the following gradient conditions: 0–10 mM NaOAc in 20 min and
then 10–100 mM NaOAc in 20 min. Peaks were assigned using N-glycan standards
purified from PNGase F digestions of Rituximab, sheep IgG (Sigma), and
sialylglycopeptide from chicken egg yolk.

Surface Plasmon Resonance
The binding between glycoengineered IgG glycoforms and FcγRIIIa was measured
by surface plasmon resonance (SPR) using a Biacore T200 instrument (GE Healthcare,
USA). Protein A was immobilized at 6000 RU on a CM5 biosensor chip (GE Healthcare)
using amine coupling chemistry at pH 4.5. Each glycoforms of IgG in PBS was injected at
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10 µL/min over the protein A surface to a capture level of 100 RU. A serial dilution of Fc
receptor was injected at 30 µL/min. After each cycle, the surface was regenerated by
injecting a Glycine HCl buffer (10 mM, pH 2.5).
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