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Glycosylation is a key podtanslational modification of proteins and
influences the structure and biological functions of proteins. Glycoproteins are
significant in treating a variety of diseases and make up a larg&offraof
biotherapeutics. The carbohydrate structures on the proteins regulate biological activity
and pharmacokinetic properties, thereby dictating the efficacy and cost of glycoprotein
drugs. However, glycoproteins expressed in biological systems aredeteous in
nature and impose a challenge to strucfuretion studies as well as design of potent
therapeutics. Thus, developing tools to modulate the glycan structures on proteins is
highly significant. In my thesis, we have explored biological andndemzymatic
methods to generate homogeneously glycosylated therapeutic proteins. First, we
designed a glycosylation machinerygacherichiacoli (E. coli) using an Nglycosyl

transferase enzyme to transfer a sugar handle onto a model protein. The protein was



then elaborated with a homogeneous glycoform usingitro chemoenzymatic
transglycosylation. Using this methodology, we produced a fully glycosytatedn
interferon alph&b that was biologically active and displayed significantly enhanced
proteolytic stability. Next, we focused on expanding the toolbox of enzymes available
to perform the chemoenzymatic glycan remodeling of proteins. Specifically, we
compared the substrate specificities of the hutdarfucosidase (FucAl) and two
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Chaptlenrt rlooduct i on

1.1 Protein glycosylation and the structural diversity

Glycosylation is thecovalentattachment of carbohydrates pwoteinsand lipids

resulting in glycoproteins and glycolipids, respectively. Specifically, protein
glycosylationis one of the most ubiquitous and critical ptrsinslational modifications

of proteins that governs the fundamental properties of préteiRsotein glycosylation

is largely classified as Nand O linked glycosylation depending on the amino acid

residue that is modified with sugars:liNked glycosylation (Nglycosylation) is the

covalent attachment of sugars/glycans to thedargroup of asparagine side chain at

the consensus sequon-XNS/T, where X cannot be proline. The-gicans in

eukaryotes contain an -&cetylglucosamine (GIcNA€) 1 | i nkage to the
proteins. In case of -Onked glycosylation (@Gglycosylation), mone or
oligosaccharides are linked to the hydroxyl group of serine or threonine threugh N
acetylgalactosamine (GalNAt)1 | i nkage. However, there ca
glycosylation such 2 O-GlcNAcylation which involves GIcNAc monosaccharides

att ac he d-linkager to bydrbxyl groups of serine or threofingnlike N-
glycosylation, Glinked glycosylation is not known to require a consensus sequon.
Collectively, N and O glycosylation are abundantpmoteins expressed on cell surface

as well as in solublesecretedforms®>>® Figure 1.1 shows the various types of
glycosylated proteins and lipids displayed on mammalian cell surface. Along with the

N- and O glycosylation described above, the mammalian cell surface is also adorned
1



with proteoglycans, glycosyl phosphatidylinesit(GPI}anchored proteins and
glycosphingolipids. Proteoglycans contain glycosaminoglycans like chondproitin
dermatan and heparansulfate linked to serine residues through a xylose. (GPI)
anchored proteins include protein chains anchored into the plasembrane through
C-terminal glycolipid modification. Glycosphingolipids referdphingolipidsthat are
anchored in the plasma membrane and contain glycans linked through a glucose or
galactos&®. The various classes of glycosylation have distinct fundtiahes to play

within the biological systems. Moreover, the glycan arrangement on the cell surface
acts as an indicator of the physiological state of c&lldnomalous glycosylation

patterns are characteristic of certain diseases including cancers.

PROTEOGLYCANS
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Figure 1.1 Types of glycosylation in mammal3his figure is taken frona book
chapter by Varki et. &l.



In my research, | have focused on tools to modulatgylslosylation of proteins for
therapeutic application and functional analysis. The following introductory sections

highlight the significancand need for development of tools to contredljcosylation.

1.2 Biological implications of protein glycosylation

N-glycosylation influences the fundamental properties of glycoproteins including
protein folding, solubility, stability, andiological activity*'°. During biosynthesisf
N-glycoproteins, the endoplasmic reticulum (Ei)sed quality control system, which
consists of UDP-glucose:glycoprotein glucosyltransfera@@GGT), claperonesi
calnexin and calreticulin and glucosidase Il, monitors the folding of glycoprtt&ins
Misfolded proteins are recognized by UGGT potentially based on exposed hydrophobic
surfaces and are subjected to cycles of glucosylation, folding and deglucosylation using
the quality contrbproteins. Eventually, correctly folded proteins are transported to
Golgi apparatus for maturation while misfolded proteins are degf&deMoreover,
glycosylation masks the underlying proteolytic cleavage sites on proteins and improves
the stability of glycoproteirté Also, the exposure of hydrophilic glycans on the surface

of folded glycoproteins improves the solubility of glycoproteins in aqueous
envirorments?,

Apart from regulating the structural properties of proteins, glycosylation contributes
strongly to protein functions within biological systems. Glycoproteins are involved in
critical biological processes like cell adhesion, receptor signaling,catiuéar
transport, hormone secretion, development, and immune resptitéesorexample

core fucosylation influences the phosphorylatdrepidermal growth factor receptor



(EGFR) and downstream signaling required for proliferation of epithelial*%ells
mannoses-phosphate glycan modification is essential for trafficking nafwly
synthesizedysosomal hydrolases into lysosomes, the malfunction of which leads to
toxic build-up of subsrates and causes metabolic dise¥ség?

In the context of biotherapeutics, glycosylation has profound impacts on the biological
activity, serum halfife, and efficacy of protein druds For example the glycan
structures on monoclonal antibodies (mAbs) influence their binding to immune cell
receptors and subsequent effector functi®nis is to be noted that a majority of
biotherapeutics in the clinics are glycoproteins idilg mAbs, erythropoietin (EPO),
enzymes and cytokines which are used to treat serious diS€4sEsr instance,
glycosylation increases the circulatory Hiflé of EPO and thereby the efficacy of the
glycosylated drug. Similarly, glycosylation has been used to improve the
physicochemical stability of therapeutic enzymes and glycoproteins-tikecosidase
galactosidasand dpha-1-antitrypsirf®.

Glycans are also imlved in interactions with glycan binding proteins/lectins and
carbohydrate binding antibodfés The glycadectin binding plays crucial roles in
immunity and hospathogen interactiod%?°. For example hemagglutinin expressed

on influenza wius binds to sialic acid containing glycans on the surface of respiratory
epithelial cells and facilitates entry of the virus into host cells to cause inféction
Conversely, receptors on immune cells recognize and bind to pathogenic cell surface
carbohydrates that are different from host glycans, such as lipopolysaccharides present

on bacterial cell surfaces, and prevent infectidfhs



It is well documented that the glycosylation patterns of cells in diseased states such as
cancers and autoimmune disorders is altet&8. The aberrant glycosylation has been
implicated in aiding disease progression and phenotype. For instance, iddiease
glycan branching, cell surface fucosylation and sialylation are shown to participate in
downregulating immune responses and promoting tumor growth and cancer
metastasi$>* The altered glycosylation patterns in cancers have led to identification
of biomarkers that aid in diagnosis and act asafheutic targets. Due to the reasons
cited above, glycans present on pathogenic bacteria and viruses as well as the unique
glycan epitopes on cancerous tissues are good targets for carboladede
vaccined®38,

An understandingf the biological role of glycans has been historically developed
through the study of glycosylatieelated defects and by using mouse models to study
the impact of induced mutatiotis* While these initial studies drastically increased
the glycan knowledge in the field, it is still desirable to have access to pure,
homogeneous glycans and glyadafined proteins to perform functional studies.
Glycoproteinsobtained from serum and proteins expressed in common expression
systems like the mammalian cells carry heterogeneous mixtures of glycoforms.
Isolation of refined homogeneous glycans from such mixtures is difficult and results in
low yields and purit?. Hence, efficient tools to modulate the heterogeneity and
structural complexity of glycoproteins are highly valuable. Developing such tools
requires an understanding of the origin of glycan diversity in biological systems and

can begainedfrom an insight inb thebiosynthetic process of-ijlycosylation.



1.3 Biosynthesis of Mglycosylation ilTmammals

N-glycosylationin mammalss a multistep, complex process that takes place in two
intracellular organelles, thER and Golgi apparattfs*y, as shown in Figure 1.2. The
glycosylation process involves a set of enzymes including glycosyltransferases and
glycosidases that catalyze transfer aachoval of sugars respectively. The process
begins on the cytoplasmic side of ER membrane, where the first sugar, GICNAc is
transferred to the membraaachored lipid carrier, dolichol phosphate (%] using
uridine-diphosphate (UDP)-GIcNAc donor. Furthe monosaccharide units are
accordingly added stepwigem respective activated nucleotide sugar donors. Once
MansGIcNAc.-P-P-Dol chain is formed, it is flipped to the luminal side of the ER
membrane where further monosaccharides are added. Ultimatety, 14h
monosaccharide precursor @anGIcNAc. is transferred at once from the dolichol
pyrophosphate to a newly synthesized polypeptide chain at the consensus sequon by
the oligosaccharyltransferase (OST) enzyme. Then, the terminal glucose residues are
trimmed by glucosidases to form the maglocosylated glycoform,
GlciManeGIcNAC,, which aids in protein folding. As described earlier, this process is
regulated by chaperone lectinshe membrandoundcalnexin andhe soluble form,
calreticulin along withthe ER associated degradation pathtagorrectly folded
proteins are processed further to form RK@ieNAc>-glycoproteins which are
transferred to Golgi bodies for terminal glycosylation. The terminal glycosylation
involves further trimming and elongation reactions. The final glycan structures on the
glycoproteins are a result of the extent of processing carried out by the various enzymes

distributed in thesis-, mediat andtrans- Golgi compartment§4%
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Figure 1.2 Biosynthesisof N-glycoproteins in mammald§ his figure is adapted from
a publication byvasconceloslosSantoset.af.

1.3.1 Heterogeneity of Mlycans

The process of gtosylation is highly variable and can lead to maeod micre
heterogeneity in proteifis Macro-heterogeneity arises from variabyjlitn occupancy

of N-glycosylation sites and mictimeterogeneity is caused liye glycan structural
diversity resulting from differential glycosylation during the biosynthetic prdgess
The nontemplate driven processing of glycans in the Golgi apparatus leads to
formation of three major types of-§lycans namely, higinannose, complex and
hybrid type Nglycans (Figure 1.3). All Nylycoproteins share the same core structure

of MansGIcNAcy-b 4Asn; the difference lies in how the core structure is embellished
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with other monosaccharides. The compgligme dycans represent the more processed
glycoforms that may be adorned with monosaccharides like GIcNAc, galactose (Gal)
and Nacetylneuraminic acid/sialic acid in the terminal positions, and fucose (Fuc) in
the core position. The branching of sugars furtheteinines the antennarity of the
glycan structures with hitri- and tetraantennary glycoforms detected in natural and
recombinant glycoproteins. In general, the extent of terminal glycosylation depends on
enzyme expression, availability of nucleotidgyar donors, site of glycosylation, and

overall physiological state of cefls

al,2
al,2
o123 A Fucose
E GlcNAc
© Mannose
O Galactose
¢ Sialic acid

Asn Asn Asn

High mannose Complex type Hybrid type

Figure 1.3.Major types ofN-glycan structures imammalsThe three classes namely
high mannose, compleype,and hybrid type Nylycans (from left to rightshow the
linkages between the monosaccharide units

Understanding the impact of the specific structures-gfydans is vital for designing

potent therpeutics. Foexamplein the case of therapeutic mAbs, the presence of core
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fucose has been demonstrated to reduce
receptor on natural killer (NK) cells by §6ld, thereby resulting in loweantibody
dependent cellular cytotoxicity (ADC®) Similarly, high mannose4glycans such as
MansGIcNAC. to ManGIcNACc, (termed Man8Man9) lead to shorter circulatory half

lives and faster clearance of the glycoprotein from the So@®n the other hand, the
presence of terminal galactose improves the complement dependent cytotoxicity
(CDC) of mAbsg®. And when the terminal galactose is capped witlcsi@id residues,
mAbs exhibit antinflammatory propertie$. This is exemplified by the applicatiof
heavily sialylated intravenous IgG (IVIG) in the treatment of autoimmune didéases
These distinct implications of antibody glycoforms on the biological effects and
efficacy of therapeutic antibodies dictates the need to control the glycosylation profiles
of therapeutic glcoproteins. Overall, glycosylation presents a vast functional and
structural diversity that has huge implications in the functioning of an organism. It is
important to examine the structeftenction relationship of glycosylaticendto devise
methoddsfor production of potent glycosylatdaotherapeutics and to avoid undesired

interactions within the body.

In the following section, the major approaches used to generate homogeneous

glycoproteins are discussed.

1.4 Methods to contraheterogeneity of Mlycoproteins

Numerousinnovative methods have beeaxploredto control the Nglycosylation
profiles ofglycoproteinsfor therapeutic applications and for functional studigeme

examples include gene editing ogliclines, use of smalmolecule inhibitors of
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glycosylation enzymeschemoenzymatic glycoengineeringind total chemical
synthesis to generate homogeneous glycoprdfefhsEach of these methods have
been thoroughly explored and advanced through continuous efforts to generate
important glycosylated protein§he broad approaches used for controllinglixcan

heterogeneity are discussed below under threeatdgories.

1.41 Biosynthetic pathway modulation

One approach to controlling glycan heterogeneity through biosynthetic pathway
modulation is to knockout (KO), knockdown (KD) or overexpressspecific
glycosylationenzymes usingetl line engineeringand/or use of chemicahhibitors.
Genetic engineering of cells has been applied to different expression systems including
mammals, bacteria, yeast, and plants. Genetic engineering of mammalian cells, mainly
Chinese hamster ovary (CHO) cells, has been primarily used to cohtol t
glycosylation of therapeutic mAHS Examples include KO of FUT8 and
overexpression dfl-acetylglucosaminyltransferaié (GnTIIl) enzymes for reducing

core fucosylation to improve the ADCC and efficacy of m&3$ Yet another method

is to target the enzymes involved in the de novo biosynthetic pathway of&Dse,

which is the donor of core fucose. Fotample a doubleKD of fucogyl transferase

(FUT8) andGDP-mannose 48ehydratase (GMDyhows completely nefucosylated
antibody expressiGA Nonfucosylated mAbs generated using these methods have
been FDAapproved and more are under clinical tA&té In another example,
overexpression di 2 -siélyltransferasandb 1 -gadactosyltransferasmzymes were

used to increase the sialylation content of mAbs to improve theinflatinmatory
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propertie8®. Glycoengineering of yeast cells has been studied by multiple groups using
both Pichia pastoris and Saccharomyces cerevisiastrain§®®’. The native
glycosylation of yeasts results in oligomannose glycan structures which are undesirable
from a therapeutic perspective. Glycoengineering attempts have focused cmgepla
hypermannosylation with native human type complex glycans for potential expression
of therapeutic glycoproteins. Several successful examples exist with improvement
work required to ensure stability of the glycoengineered sffaiBamilarly, efforts

have been focused towards establishing glycosylation pathways in bacterial systems
through functional transfer of glycosylation pathways or panel of enzym& irdoli

cells to make eukaryoticiylycosylated proteirt§®°. Despite appreciable efforts and
success, the efficiency of glycosylation and applicability to a wide range of proteins
remains to be improved.

The other approach involves use of small mualecinhibitors to intercept the
glycosylation pathway to generate specific glycofdfmBor example kifunensine is

a strong inhibitor omannosidasednd produces only high mannose glycans; similarly,
swainsonine inhibits mannosidase Il to genergt®il type glycan¥. While these are
potent inhibitors, their use is limited to generating those respective glycoforms.
Another class of inhibitors are the monosaccharide analogs that enter the metabolic
pathways of respective sugars and inhibit tlelpction of precursor nucleotide sugars.

For example 2-deoxy-2-fluoro-fucose (2HFuc) has been identified as a potent
inhibitor of core fucosylatiotf. 2~Fuc enters the salvage pathway of fucose to produce

GDP-2FFuc and feedbachhibits the production of GDPuc, thus controlling core
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fucosylation of recombinant and cellular proteins. Similarihib-GIcNAc has been

used as a metabolic inhibitor ofGIcNAcylatiorf3,

1.4.2 Total ckbmical synthesis

Total chemical synthesis can be usednake glycopeptides containingtructurally
definedglycoforms.Production of larger glycoproteimss beerfiar more challenging.
Efforts by multiple groups has led to efficient synthatiethods like the native
chemical ligation and expressed protein ligatioat have enabled improved yields of
large polypeptide ligations to form complex prot&mi& Such efforts have resulted in

the synthesis of hormones and other biologically relevant proteins like granulocyte
macrophage colony stimulating factor and Ef0 Apart from the protein fragment
ligations, another key aspect in glycoprotein synthesis is the asseafibly
oligosacchade structures to be attached to the peptide or protein chains. Since
multiples linkages are possible between plagticipatingmonosaccharide uniig a
glycoform several stepef protection and deprotection are requireéd¢bieveregio-

and stereosekctivity of theglycosidiclinkage$®. Thus, while the tolasynthesis of
structurally defined glycoproteins can be very rewarding, the path to achieving it

involveschallenging, tedious procedures that require optimization specific to proteins.

1.4.3 Chemoenzymatic methods

Chemoenzymatic methods, as the name suggests, make use of both chemical and
enzymatic tools for the synthesis lmdmogeneouglycopeptides anglycoproteins.

Enzymes dictate the specificity of linkages between the participating sugars and ensure
12



accurate regioselectivity and configuratiorat the anomeric positionin vitro
chemoenzymatic methods utilize various enzymes like glycosyltransferases,
glycosidases and glycosynthases for glycopeptide and glycoprotein remdtféling
Glycosyltransferases, that are responsible figoshccharide production in biological
systems, transfer single monosaccharides at a time in contrast to endoglycosidases that
can transfer fullength glycans. Though glycosyltransferases have been helpful in the
synthesis of several significant glycocogates, their current application is limited in
scope for several reasons. They hfixed substrate specificities arwn act on only
specific types of Nglycans. A large set of enzymes is required to be able to perform
glycan modificatiorof the entire ange of glycoforms that can be present on naturally
produced glycoproteinglso, most of the natural glycosyltransferases are membrane
bound proteins and recombinant expression of such enzymes in soluble form can be a
challenging task. Additionally, theytilize nucleotide sugar donors for the transfer
reactions which prove to be very expensive for large scale chemoenzymatic
synthesi€’®8 The discovery and characterization of efficient glycosidases anebendo
N-acetylglucosaminidasedENGases) that can perform transglydaton has
revolutionized in vitro chemoenzymatic synthesis of glycoproteins and
oligosaccharide’€8%® A summary of these enzymes is discussed in the following

sections.

1.4.3.1 Glycoside hydrolases
Glycoside hydrolaseer glycosidases are enzymes that hydrolyze glycosidic bonds.

The catalytic mechanism of these enzymes has been studied and utilized to generate
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mutants for improved efficiencie&lycosidases perform catalysis of their respective
substates byeither retaining or invertinghechanismsMost of these enzymes have
two key residuega nucleophile and a general acid/base) in their catalytic sites that aid
in catalysi®®8 Figure 1.4A shows the catalytic mechanismetéiningb-glycosidases

- a double disglcemenmechanismThe first step is initiated by tlgeneral aciebase

by protonating the glycosidic oxygen arattivaing the glycosidic bondto be
hydrolyzed. Thispromotes nucleophilic attacky the second key residue in the
catalytic siteto form an ezymesubstratecomplex The enzymesubstrate covalent
linkage is then broken by an activated water molecule by the actibe génheral acid

base If there is an appropriate acceptor substrate in place of water, the outcome is
transglycosylation insteadf hydrolysis.The endoglycosidases (ENGasés)some
casesmay use a third mechanism called the substasisted mechanisror
neighboring group participatio(Figure 1.8). ENGases are enzymes that cleave
between the two GIcNAc residues in the corecitme of Nglycans.Here, the 2
acetamido group ahe secondIcNAcC acts as a nucleophile to form an oxazolinium
ion intermediateThis intermediate formation appears to be promoted by a key residue
in the catalytic siten ENGases from the GH18 a@H85 families,which does not
directly participate in the catalysidhe intermediate formation is followed by
activation ofa water moleculeby the general acid/base, as in the case of retaining
glycosidasedeading to hydrolysisAgain, when the water mektules are replaced by
acceptor substrates, transglycosylation occurs instead of hydto®$sAs compared

to glycosylation by glycosyltransferases, glycosidasesmore promiscuous in their

substrate sgrificities. Also, the enzymes aeasily accessible. But there are limitations
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in terms of the transglycosylation efficieneythe produt can undergo hydrolysis
through the formation of oxazolinium ion intermediale® circumvent the issues
associated with product hydrolysis, mutants of glycosidases were designed following

outstanding research efforts by several groups including the Wang group.

Enzyme Enzyme Enzyme
General acid/base
HO {'\0 0 HO HO™ O
RIOH ! o
RZO 0R' R0 O O~p R0 OR
HO —>» HO
OH
(OH 0OHO) %Mo
Nucleophile
Enzyme Enzyme Enzyme
B
Enzyme Enzyme Enzyme
General acid/base
(I 0 HO (;0 o HO HO” O
H
R OH ) o
RZO 1 R?0 ~R R Y OR
OR HO (O HO
HN )o N (O HN 0

(S
Nucleophile o OH j/
Ejz/yme E]z/yme zym

Figure 1.4.Catalytic mechanism o&) Retainingb-glycosidase an&) ENGaseR =
H results in hydrolysis, R = acceptor results in transglycosylation

1.4.3.2 Glycosynthases
Glycosynthases are novel enzymes that are generated bynutegion of the
nucleophilic residue in the respective glycosiddsésFor instance, in case of the

mut ant generatadningmghy©®osi dase, use of
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glycosyl fluoride mimics the intermediate in the retaining mechanism. The general
add-base assists in glycosidic bond formation to generate glycosyl product in the
presence of an acceptor (Figure 1.5A). Due to a mutated nucleashitdly an alanine
mutation as shown in the figurethere is no product hydrolysks Several
glycosynthases have been successfully designed using this ¢éhtepn the other

hand, glycoligases are designed by mutativeggeneral acibase in the catalytic site.
Wang and coworkers have used this concept to design a fucoligase AIfC E274A that
can perform direct core fucosylation of glycopeptides and glycoproteins including
therapeutic antibodiés

Similarly, the inherent transglycosylation property of ENGases has been utilized to
design glycosynthases of these enzymes. As mentioned previously, ENGases function
byasubstrata s si st ed mec hani slgkghaosidic lirkggd betwéep z e t he
two GIcNAc residues with the-2cetamido group in the second GIcNAc acting as the
nucleophile. Thus, generating glycosynthase mutants of ENGases involves mutation of
residues thapromotethe oxazolinium ion intermediat®rmatior?®’, as shown in
Figure 1.5B. Endoglycosynthases can perform transglycosylation in the presence of
activated sugar oxazoline donors that mimic the transsiate intermediate to transfer

the hydrolyzed glycans to appropriate acceptors.
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Enzyme Enzyme

General acid/base /L
H

HO ;07 0 o HO™ O
I
(0}
Activated donor R?O 0 (O\R R?0 F.0R
HO — 3 HO
OH |) oy
F

) CH, CH;
Nuc)®gphile J
Erjzyme Enzyme
B
Enzyme Enzyme
HO ;07 0 HO HO™ O
Si
Ii R?0 “ (0 —~R3 R0 0 1 OR?
Oxazoline donor HO — 3 HO Y
¢ ¢
CH3 CH3
EJzyme EJzyme

Figure 1.5. Catalytic mechanism of AR e t a i glycosgnthdseand B) ENGase
based glycosynthas&nder typicaltransglycosylatiorconditions, ROH= GIcNAc
acceptor

The chemical synthesis of various activated glycan oxazolineshandiscovery of
endoglycosidases with distinct substrate specificities has enabled efficient
chemoenzymatic synthesis of glycoconjug®€sThe ENGasdased glycosynthases
have enabled convergent glycan remodeling approaches usintypeldNGases for
deglycosylation of the substrate to be remodeled, i@tb by transglycosylation to
transfer desired fullength glycansen blog as shown in Figure 176"®7° Highly
efficient glycosynthases have been designed #rattransfer high mannoseybrid,

and complex type glycans to oligosaccharides, glycopeptides, and glycoprotein
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substrates using corresponding sugar oxazolines. Some of the initial Eb#zask
glycosynthases to be designed were from bacterial and fungakes namely Endi

from Mucor hiemali§€®®, EndoA from Arthrobacter protophormig® and EndeD

from Streptococcus pneumonfdeEach of these enzymes have distinct substrate
specificities vith defined acceptor substrates. leaample the EndeA mutants can
transfer high mannose glycans and EMicutants can transfer high mannose as well

as complex type glycans to GlcNAcceptors, but not when the acceptors are-core
fucosylate®. To generate a library of enzymes that can modify a range of substrates
with different glycoforms, the glycosynthase strategy has been applied to multiple other
ENGases including Ends®®, EndeS2, EndoF3®” and EndeCC®. This repertoire of
enzymes allows chemoenzymatic synthesis and remodeling of glycopeptides and
glycoproteins with various glycoforms including- band tri antennary glycans.
However, continuous effts are required to identify new enzymes with unique

substrate specificities and higher efficiencies to fill the gaps in current methods.

*e
-
Qo
ENGase Glycosynthase E
<
— ﬁ

< e OH

. | Hoo 2 O
0
"y

Figure 1.6. Chemoenzymatic remodeling of glycoproteins using ENased
enzymesA heterogeneous glycopratetan be first deglycosylated using an ENGase
WT followed by transglycosylation using a glycosynthase to transfer desired glycoform
from an oxazoline donor
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codnidn hemoenzymatic transglyco

The work reported in this chapteas beerpublished in Bioorganic and Medicinal
Chemistry journat!®. My contributions to the study include planning and execution of
experiments and analysis of results. | worked in collaboration with Dr. Qiang Yang,

Wang lab, UMDfor experiment planning and troubleshooting

2.1Introduction

The aim of this study was tese a convergent approach to generate homogeneous
glycoproteins. As highlighted in Section 1.4, the key approaches used to control glycan
heterogeneity are biosynthetic pathway perturbation and chemical and enzymatic tools
for defined glycan synthesis. Vé&plored a combined methodology to produce desired
glycoproteins in a biological system with a sudgwndle which can be further
elaboratedn vitro with full-length glycans using the ENGasased glycosynthase
technology. For this purpose, we decided to introduce a glycosylation machinery into
E. coli for producing eukaryotic proteins with a monosaccharide tag for further
modification. Several studsehave been performed in the past to design a robust
glycosylation system in bacterial cells, as will be discussed in this section. Though

eukaryotic cells are attractive hosts for expressing glycoproteins, there are some
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significant advantages to estahiisg a glycosylation pathway in bacterial expression
systemsTo name a fewthe low cost of productionshortculture durationand easy
handlingand genetic manipulation &. coli make ita model organisnfior protein
expressioff®® Indeed, most therapeutic nglycosylated proteins are expressed
using E. coli and yeast expression systems. HoweWer, coli expression of
heterologous glycoproteirrequires an endogenopsotein glycosylation machinery.
Toward this end, several research groups have attempted to design a glycosylation
system irkE. coli. In collaboration with Aebi group, we have demonstrated a combined
method that involves the functional transfer of a glycoengingeaetpylobacter jejuni
glycosylation machinery int&. colito produceN-glycosylated eukaryotic proteit¥s

While this design allowdN-glycosylation of the protein, theesulting glycoprotein
contains an Astinked (GalNAc}GIcNAc-glycan, which is not a eukaryofiglycan.
Further in vitro t r i mmi ng o f t he out er GalNNAc moi e
acetylgalactosaminidase is required to generate the GlgiX#ein, which then serves

as the key intermediate for amdoeb-N-acetylglucosaminidase (ENGasmtalyzed
glycosylation to afford a eukawyic glycoprotein. Moreover, it has been observed that
expression of a heterologous eukaryotic glycoprotein such as the CH2 domain of
immunoglobulin G (IgG) and a singtéhain antibody F8 results in a low glycosylation
efficiency (510% vyield), which repsents a bottleneck of the metf®dn another
study, DeLisa and eworkers have reported a bottam glycoengineering method for
producing eukaryoticN-glycoproteins inE. colf®. In this approach, the genes
responsible for constructing tiNeglycan core (MagGIcNAC,) are engineered inté.

coli to build up theN-glycan glycolipid precursor. Then, PgIB, the key bacterial
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oligosaccharyltransferase fro@. jejuni is ceexpressed to produce a recombinant
glycosylated protein carrying a MéBIcNAc2 N-glycan.However, the glycosylation
yield is very low €a. 1%), probably due to the low efficiency of the Pgi&talyzed
transfer of a eukaryotidN-glycan from the corresponding glycolipid precufSor
Further study to improve the glycosylation efficiencyto$ method is required.

The discovery of a cytoplasmicN-glycosyltransferase in Actinobacillus
pleuropneumonia@ApNGT) that can transfer glucose (Glc) and galactose from a sugar
donor to peptides and proteins at NX(SKFylycosylation site represents alternate
avenue to protein glycosylatifi? Several groups have demonstrated that ApDNGT
can transfer glucose frodlDP-Glc to polypeptides and proteins carrying the consensus
NX(S/T) N-glycosylation sequence (where X is any natural amino acid except proline).
We have previously reported thatvitro transfer of glucose to peptides by ApNGT,
coupled with subsequent sargchain elongation provides an efficient way to synthesize
glycopeptides carrying a fuléngth N-glycar?®>. Peng George Wang and-amrkers
have designed an engineered ApNGT (Q469A) that displayed a relaxed substrate
specificity and higher efficiency af vitro glucosylation with peptides and a bacterial
protein containing multipleN-glycosylation site’>. In a later study, they have
employed ApNGT Q469A, which can accept UDRcosamine (GIcN) as a donor
substrate, to generate Glgeptides. Acetylation of the GlepNeptides by an
acetyltransferase resulted in GlcNpeptides, which were then extended with
complextypeN-glycans by EndoMN175Q to produce glycopeptidésMore recently,
Jewett, MrKsich, and cworkers have explored the peptide acceptor sequence

preference of a panel of NGT variants, which provides an exciting opportunity for
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sequential glycosylation of a protein to reaitycoproteins with multiple glycosylation
site$°6, For N-glucosylation inE. coli, Aebi and ceworkers have reported that-co
expresion of ADNGT inE. coliis able to transfer glucose to bacterial adh&sirs
addition,N-glucosylation of heterologous proteins such as human EPO was detected in
E. coliwhen ApNGT is ceexpressed, although the human EPO fomokision bodies

in E. coliand the extent of glucosylation is not determfielliore recently, Aebi and
coworkers have shown that -@xpression of ApNGT and three other
glycosyltransferases iB. coli cytoplasm is able tgenerate a polysialylated protein

While these studies have examined the application of ApNGih favo glucosylation

and exploredurther glycan modifications, attachment of natural eukarydtigycans

to theseE. coliexpressed Gicontaining proteins has not been attempted so far. A
closely related effort of transferring eukaryoticglycan to O-linked GICNACc in
proteins has beestudied by Wang and emorker$®. O-GIcNAc transferase (OGT)

was used to generat®-GIcNAc contaning bovine protein inE. coli and a
glycosynthase EndoMI175Q was tested fan vitro transfer of sialylated complex

type glycan, resulting in a 30% yield. In the present study, we report a case study of
vivo glucosylation of a eukaryotic protein by N@T in E. coli coupled within vitro
chemoenzymatic sugar chain elongation to produce a heterologous glycoprotein
carrying a sialylatetl-g | y c an . Humam i(meibFfNfUeebar Ued t o a
hereafter) was used as a model eukaryotic protein aralérall experimental design

is shown in Figre2.1. Upon successfuh vivo glucosylation with ApNGT irE. coli,
EndoCCGN180H glycosynthase was found to efficiently transfer a sialylstgtycan

to FHNU The purified si alesgted antpeoliferave NU di s p
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activity in a cell proliferation test and a significantly enhanced stability towards

protease degradation.

> -.
sone® Ho

Sialylated Complex type
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Protein-Glc _P d (SCT) biantennary
ENGase - . i ’ glycoprotein

Periplasm
@ Glucose
Bl GlcNAc
@ Mannose
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Figure 2.1 Schematic representationinfvivo ApNGT-catalyzed glucosylation arnl

vitro chemoenzymatic transglycosylation of eukaryotic proteing.ircoli. The N
glycosylated protein contains an innermost glucose instead of GICNAc present in
natural Nglycans.

2.2 Results and Discussion

2.2.1 Introduction of Nylycosylation sites intdb F N U

| FNU i s a-helic8l prateinkc@naistirg of 165 amino acids with a sif@le

glycosylation site at Tht06. It is a cytokine that possesses -aimdl and anti

proliferative properties and is commonly used to treat Hepatitis C and severabforms

cancer®. N-gl ycosyl ation of a modi fi eNdglydaF NU var i
sites that was expressed in a mammalian system shows up told RErease in its

serum haHlife%. Based on this study, we chose the-®P(®4) and/or G158 (Q158)

as the position to introduce dhglycosylation site to test ApNG@atalyzedin vivo
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glucosylation ink. coli. P4 lies in the flexible region close to the protshterminus
and Q158 i s ahelix ¢tloseeto tleer@ermimu$. Eaemof the chosen sites
were modified to attain an ANAT sequence at ¥aegNX.1X+2 positions to achieve

high efficiency of glucosylation by ApNGT, as suggested by the previoustefe

structure of | FNU and the gl wea2ngineer ed
A = B
o ) P4N Q158N
N &
(,kfs;j | 'L‘,f & CDLPQTH TNLQESL
& ol
& Y ol N - terminus l l
QtsEN Q“‘\ CDANATH  TNANATL

C- tel:minus PAN

Figure 22.The struct ur e oducedNflxctsylaionaditeA)TRe i nt r o
structur e ¢PDB doder@laym)The fvdigdsitions chosen for siléected
mutagenesis are highlighted. Mutagenesis at P4 is shown in blue and at Q158 in red

B) TheengineeredN-glycosylation sitesThe modifiedamino acids in both the mutants

are highlighted in red

2.22 In vivoglucosylation of GST F N (E. dolin

I n the initi dype(WT) andmutantprbténd wereiexprbssed as fusion
proteins with a Glutathion&-Transferase (GST) tag at tidterminus to enable

soluble expression iB. colicytoplasm®. The fusion protein design allows for release

of I FNU by thrombin cleavage at an -insertec
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| F NPAN and GST F NJ158N were each eexpressed with ApNGT foin vivo
glucosylation inE. coli with a protein yield of50i 70 mg/L. Mass spectrometric
analyses of the purified fusion proteins showed completely glucosylated GSK U
P4N (ESIMS: Calculated, M = 45638 Da; found, M = 45639 Da after deconvolution)
(Figure 2.3A) and about 80% glucosylat&iST-| F NQ158N (ESIMS: Calculated,

M = 45620 Da; found, M = 45621 after deconvolution) (iFegg2.3B). SDSPAGE
profiles of the purified fusion proteins are showrrigure2.3C and 2.3DContrary to

the efficient glucosylation of GST FNU f u s i proteage retedse of thesGST
tag posed some unexpected challenges. We found that the two mutants and-the wild
type GSTI FNU, e X [Er eols BL21(DE3) strain, could not be efficiently
cleaved by the protease thrombin. The reaction, when carried thuwiexcess of
enzyme showed a maximum of 50% cleavage with overnight incubatio@.8Egand
increased only up to 70% when prolonged to incubation for two days. Intensive
optimization of the reaction conditions did not show any further improvemehein t
GST tag removal. A possible explanation of this observation is improper folding of the
fusion protein making the cleavage site hard to access by thrombin. In cdmmn
strains, the cytoplasm hosts a reductive environment which may prevent thedorma

of disulfide bonds in proteins, thus causing misfolding of heterologous proteins. To test
such a possibility, we expressedGBFNU i n an Origami 2 (DE3)
mutations in thioredoxin reductase (trxB) and glutathione reductase (gogs do
provide an oxidative environment in the cytoplasm. Encouragingly, -IGETN U
expressed in Origami showed complete cleavage of GST tag by thrombin with

overnight incubation under previously used reaction conditibrge 2.3F). This
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observation promted us to perform refolding of the soluble GEFNU expr essed
E. coliBL21(DE3)21 and to examine thrombin cleavage of the refolded protein. Under
the previously described reaction conditiona, 70% release of the GST tag was
observed with overnightcubation indicating a moderate improvement in the protease
cleavage. To tes vivoglucosylation in Origami 2 (DE3) strain, GSTF NPAN and

GST-l F NQA58N were ceexpressed with ApNGT. Surprisingly, neither of the
proteins showed any glucose transfdaté not shown)The expression levebf the
enzyme and the fusion protein were observed to be lower in the Origami strain as
compared to the BL21 cellslowever theexpressiorof ApNGT was comparable or
slightly more than that of the fusion proteahus potentiajl eliminating thelack of
enzyme to be the reasdsehind lack of glucose transfefTo probethe lack of
glucosylation of the proteinirther, the two fusion proteins were alsoe@ressed

with ApNGT Q469A, as the mutant enzyme has shown a broader substrate specificity
and better glucosylation efficiency in a previous refodnfortunately, neither of the
fusion proteins showed any glucosylation. While this result was unexpegsaijides

an important implication in the mechanism of glucosylation by ApNGE.igoli. It

has been suggested that ApNGT requires substrate proteins in a not fully folded state
for in vivo glucosylation to occdf. The lack ofin vivo glucosylation in Origami 2

(DE3) strain compared to the highly efficient glucose transfer in BL21(DE3) supports
this hypothesis and suggeststanslational glucosylation by ApNGT of the nascent

recombinant protein (1 FNU).
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Figure 2.3. Co-expression of GST FNU mut ant s wE toh AAp NGT i
Deconvoluted L@VS profiles of GSTI F NPAN. Calculated mass with two disulfide

bonds = 45476 Da, calculated mass post glucosylation = 45638 Da. {\dekl

observed at 45639 D&) Deconvoluted LEMS profiles of GSTI F NJ158N.

Calculated mass with twoiglilfide bonds = 45458 Da, calculated mass post
glucosylation = 45620 Da. (M+H)peaks observed at 45460 and 45621 SRS

PAGE showingC) GST-I F NPUN andD) GST-I F NQA58N, ceexpressed with

ApNGT in E. coli BL21(DE3) cytoplasm SDSPAGE showingovernigh thrombin

cleavage of GST F NAIT expressed ifE) E. coli BL21(DE3)F) E. coli Origami 2

(DE3).

In parallel to the examination of GST fusion protein, we also testedivo
glucosylation of | FNU without any fusion t

mutant s, QJ1588 Was clon&dNntb pET28a vector under T7 promoter for
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expressionifE.coliBL2 1 ( DE3) . We purified | FNU from i
establishedefolding protocol¥%1% A final yield ofca.120 mg/L was achieved. SBS

PAGE profile of the purified refolded protein is shown in RAdlA. Interestingly, ce
expression of -QI53NGShowed nadrelatlyF NV efficiency of

glucosylation in IBs with a maximum glucose transfer of 35% under optimized culture
conditions Figure 24C). The low glucose transfer efficiency could be due to
insufficient exposure of | FNU .Firalytvessed i n
attempted to express soluble glucosylated 63HIE NJ158N inE. coliby optimizing

the conditions. First, we tried to induce protein production at a relatively low
temperature (i 5 UC), which resulted ] FNO8MI| ubl e e
with a yield ofca.20 mg/L. SDSPAGE profile of the purified protein is shown in Fig.

2.4B. Second, to reach optimum glucose transfer, we executed stepwise induction of

Ap NGT a n@158NFANNGT was induced by arabinose 2 h prior to the induction

ofl FNU by | PTG. Il n this way, a maxi mum gl uc
U CFiggre2.4D). In comparison,cd nducti on of -@pB&EN andlé FNO
resulted in 40% glucosylation. Comparing these results to the 80% glucosylation of

GST-l F N@Q158N (containing the same acceptor sequence), we speculate that the

local conformation of the glycosylation site and the protein folding kinetics likely affect

the efficiency of glucose transfer by ApNGT.
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Figure 2.4. Alternate strategies df F NJA58N expressionin E. coli. SDSPAGE
showingA) | F NQA58N refolded and purified fronk. coli BL21(DE3) IBs andB)
6xHis-| F NJ158N purified from E. coli BL21(DE3) cytoplasmC) Deconvoluted
LC-MS profile ofl F NJ158Nco-expressed with ApNGT if. coli IBs. Calculated
mass with two disulfide bonds = 19165 Dalculated mass pegtucosylation =19327
Da. D) Deconvoluted L@MS profile of 6xHis-| F NJ158N ceexpressed with
ApNGT inE. coli. Calculated mass ékHis-| F NJ158N with two disulfide bonds =
20370 Da. Calculated mapsst glucosylation= 20532 Da. Additional higher mass
peak observed in the profile is an unidentified-gtucose adduct.

2.23 In vitro chemoenzymatic transglysoy | at i on of gQlb8bMosyl ated |

Several glycosynthases, which are endoglycosidase mutants that demonstrate reduced
product hydrolysis activity but can use sugar oxazolines as an activated donor substrate
for transglycosylation, can transfikglycanen blocto GICNAG or glucosdinked
peptides and proteins to form homogeneous glycopréteirBuch in vitro

glycoengineering of glycoproteins relies strongly oa substrate specificities of the
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parent endoglycosidases. Glycosynthases that can transfer different glycoforms to

peptide and protein substrates have been developed. Previously we have shown that
EndoA or EndoM mutants could transfed-glycans to glucosésnlinked

polypeptides that are generated by glucosylation with ApNGTowever, very few

studieshave reported the enzymafitglycan transfer to intact glucogeoteins. To

examine than vitro enzymaticN-glycan transfer, we chose the glucosylated 6xHis

| F NQA58N recombinant protein as the acceptor substrate, which cocaaBsY%

glucosylation Figure 2.4D). An initial attempt to use Endoi175A and EndoM

N175Q mutants to transfer a sialylatdey | ycan t o the glucosyl at e
provide glycosylation product (data not shown). This result is consistent with previous

reports that EndoM mutén (N175Q or N175A) can efficiently transfer complex type

N-glycans from the corresponding glycan oxazolines to GlecNA&Ic-polypeptides,

but the EndoM mutants are much less efficient to act on folded and intact GIcCNAc
proteing®>1% Finally, an efficientn vitro N-glycan transfer was achieved by using the

N180H mutant of EndoCC, an endoglycosidase f@oprinopsis cinerethat has been

previously reported to be able to efficiently transéecomplex typeN-glycan to

deglycosylated ribonuclease B (GlcNARNase Bj*. Hence, we tested Endo€C

N180H for the transfer of SGglycan to the partially glucosylated 6xHisF N U

Q158N. Gratifyingly, the enzyme exhibited high efficiency in transferring-g§igdan

to the glucosyl ated | FHNglred5Ab Bhusfeal. eoli wi t h a
coexpression of | FNU i nittb suygr Bh@mextensienwithe d  wi t F
theENdoCeN180H provides a feasible approach to

may be applicable to other therapeutic proteins. After the successful transglycosylation,
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we attempted to purify the transglycosylation produchwita Si a R$pechi€ P an

Sialic Acid Affinity Column (Lectenz® Bio). The lectin column is expected to bind to

U-2,3/6/8 linked sialic acid conjugates which are then eluted out using high salt
concentration. The 6xHis F NJ158N mixture was applied to thectin column, then

the column was eluted with a gradient of salt solution and two protein fractions were

obtained. However, to our surprise, the 6xHi& NQ158N-SCT was eluted first at a

lower salt concentration, followed by the Rglycosylated 6xHidFN Q158N
protein. The results suggest that the sial)
the lectin. To verify that the lectin binds to sialylated glycoprotein efficiently, we tested

the lectin column with fetuin as a positive control, which aorg multiple sialylated

N- and O-glycans. As predicted, fetuin bound tightly to the affinity column and was

eluted out with only high concentration of salt. The unexpected behavior of the
sialylated andnog | ycosyl ated | FNWlycosyggedt s FNbOaéex e hi
a relatively strong noespecific proteiinprotein interaction with the lectin while the

large sialylated glycan attached might cancel out thespegific proteiiiprotein

interaction, although at the same time the legtycan interactioralso plays a role in

the affinity. The ESMS as a homogeneously glycosylated protein with an expected

mass spectrometry profile (Calculated, M = 22534 Da; found, M = 22536 Da;

deconvoluted dataj{gure2.5B).
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Figure 25. LC-MS analysis ofin vitro transglycosylationof glucosylatedl F N U

Q158N and enrichment of the transglycosylation produgéconvoluted LEMS

profile ofA) Invtroc hemoenzymati c tr aQE8NbyEndoC@ | at i on
N18O0H. Cal cul at eQ158M8C3,s M o f 22534 FDalU 90%
transglycosylation was observeld.should be noted that the protein is only 55%
glucosylated resulting in a total yield of 50% sialythpgotein.B) Thel F NJ158N

SCT enriched using Lectenz affinity chromatography. The dEN58N referred to in

this figure is the Higagged protein

2.2. 4. Bi ol ogical activity and proteolytic

Glycosylation of proteings known to partially interfere with receptor binding and

reduce theén vitro biological activity of protein¥”. | FNU is a therapeut.
exhibits antiviral and antiproliferative properties and is used time treatment of

cancers and hepatitiSTTo test the effect of sialylated glycosylation on the biological

acti vit yQI158N, wel cBridudted aim vitro anti-proliferative assay using
Burkittos | ymfh % mahdPagdowthk!l b Daudi cel l s
concentration was studied in microtiter plates using a colorimetric method. The anti
proliferative advities of the glucosylated and sialylated 6xHiF NJ158N were

examined alongside a reference standard. Results from duplicate experiments showed

the activity of 55% glucosylated 6xHis F NJ158N to be comparable with that of the
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reference standard. Atling a sialylated glycan to the protein showed-f@l@

decrease in its biological activitiziQure2.6A, Table2.1). This result is consistent with

a previ ous -2bdigplaymg a 1dofd retuEtiNrn biological activity upon

glycosylation at éur engineered sitd8. The loss in activity was however,
compensated by a Zbld increase in serum halfi f e of t he -Bbliycosyl at
micet®, Another study reports aféld reduction inin vitro activity of a recombinant

human EPO when attached with two additiddajlycan chain¥®. But the increase in

sialic acid content shows improved serum-iédfand an overall 4old increase in the

in vivo potency of the modified gtoproteirn®. In addition to the effect of sialylation

on serum halfife of proteins, glycosylation also confers enhanced resistance to

protease cleavage, mainly through steric hindrdfc81 ycosyl ati on of | FN
25 has been reported to drastically improve its proteolytic stability towards several
proteases inn vitro assay8> The gl ycosyl ated | FNm retains
activity post protease treatment, unlike the -gbytosylated and N25Q variants of

| FNo . SO-gtycosydatioh of an engineered insulin at Bt of B-chain doubled

its proteolytic stability towardén vitro chymotrypsin treatmetitt. To examine the

effect of glycosyl ati on-Qi58N,wastudigdthetiaé ol yt i c
i fe of | FNU towards trypsin digestion wh
plasmin found in blood. The decay of the protéfitsvas monitored using L®MS with

the reference standard used as an internal standard for quantitatiodeed, the

sial yl at ed HNIMENSCT shbiwed at least af@ld higher resistance

to tryptic dgestion in comparison to the glucosylated protEigyre2.6B, Table2.2).

Thi s increased stability i s advantageous
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susceptible to proteolytic degradatibh In summary, these results are in good
agreement witlthe previous reports and indicate that while sialylated glycosylation
resulted in some decreasarirvitro anti-proliferative activity, it significantly enhanced

the proteolytic stability which could lead to increased overall biological aciivitiyo.
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Figure 26. Effects of sialylated glycosylation on the aptbliferative activity and

proteolytic stability. A)Jn vitro anti-proliferative activity of glucosylated and sialylated

| FNQL58N i n comparison wi tData fromNduplicate f er en c
experiments were fitted to obtain the dose response curves and half maximal inhibitory
concentrations (| @5l@vtrotopsin tigestionloffglNcdsylptedot e i n's .
and si al yQUL58N.Rratein beedy tata from duplieatxperiments weffgtted

using a first order decay equatitmobtain the halfife of the proteins towards trypsin

digestion.

Table 2.1 Summary of antproliferative doseesponse curves of F N U

| F Nsthndard y y
Parameter (CRS batch 6) | F NQL58N-Glc | | F NQL58N-SCT
IC50 (ng/ml) 0.0025 0.0026 0.0109
R squared 0.9932 0.980 0.9835
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Table 2.2 Summary of first order decay bf FNU upon trypsin digest:i

Parameter | F NQ158N-Glc | F NQ158NSCT
Half-life (min) 34.45 280.90
Rate constank (min?) 0.0201 0.0025
R squared 0.9986 0.9048

2.3 Conclusion

An E. colrbased method to generate a homogeneously glycosylated eukaryotic protein

is described. We used ApNGT-eox pr essi on t o produce glucos
E. coli which was then efficiently glycosylated vitro using EndoCEN180H to

generate homogeneouslyi al yl at ed | FNU. Bi ol ogi cal acti
was confirmed alongsi de an -prélifidrativerassdyer enc e
This study demonstrates the feasibility of utilizing the ApNi@Bed glycosylation

system in combination witlenzymatic sugar chain elongation to generate fully

glycosylated heterologous eukaryotic proteins.
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2.4 Experimental procedures

2.4.1. Gene constructs and plasmids

The coding region of wild type 2B (Uni pr
modified for a P4N mutation as showrFigure2.2B. Codoroptimized synthetic gene

of I-PAMIWith anN-terminal GST tag, cloned into pGEXI-1 betweerBanH|

andNotl sites wagprocured from GenScript. pPGE&ST-I F NADT and pGEXGST-

| F NQA58N constructs were generated from pGEST-1 F NPUN using Q5® Site
Directed Mutagenesis Kit (New Engl-and Bio
Q158N gene was amplified from pGEXST-I F NQA58\ using PfuUltra Il Fusion

High-fidelity DNA Polymerase (Agilent) and cloned into pET28a(+) vector (Novagen)
betweenNcad and BanHl sites.N-terminal 6xHistag was introduced into pET28a

| F NQI58N using the Q5 mutagenesis kit. Wild type ApNGT sequence
(Uniprot:A3N2T3, NGT_ACTP2) was cloned into pET45b vector udiunl/Xhad

sites, into pET28a vector usingdd/Xhd sites and into pBAD33.1 vector using

Ndd/Sal sites. pBAD33.1 was a gift from Christian Raetz (Addgene plasmid # 36267;

http://n2t.net/addgen®6267; RRID: Addgene_36267.

2.4.2. Expression and purification of GITF N (E. dolin

Overnight grown preultures ofE. coli BL21(DE3) or Origami 2 (DE3) cells €0

transformed with plasmids pGE&ST-Il FNU (respective mutants ol
ApNGT were diluted 50 times into Terrific Broth (TB) medium supplemented with 100

eg/ ml carbedi 8Dl £g/ ml kanamycin and cul tur e

was induced with 0.5 mM IPTG when OD600 reached®@& and continued to culture
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overnight at 22 UC. Cells were harvested b
4 UC. T h ewas redudpenged ih PRSt buffer,-gH. Cells were lysed by

sonication (12 cycles of 30 s burst/30 s cooling). The cell lysate was centrifuged at

20, 000 RPM for 12 min at 4 UC. The supern
filtered and loaded onto a Redud G| ut at hi one resin col umn
Agar ose, Cat. # 16100) and all owed to bind
collected, and the column was washed with 10 column volumes of PBS buffer. Bound

proteins were eluted using 33 mM glutathionés0 mM TrisHCI, 200 mM NaCl at

pH1 8.0. The eluted proteins were dialyzed against PBS buffe?, pH4 at 4 UC.

2.4.3. Removal of GST tag from GSTF NAIT by thrombin

5 &g el fF N@BWas treated with 2.5 U of Thrombin (Human Plasma, High
Activity from Millipore Inc., Cat. # 605195) in PBS buffer, pH7.4. The reaction

mi xture (20 ¢€l) was incubated at 22 UC oV«

PAGE.

2.4.4. Expression and purification of Hisa g g e eQ138IF iNEJ coli

Overnight grown preultures of E. coli BL21(DE3) cells cetransformed with
plasmids pET284 F NQ158N and pBAD331ApNGT were diluted 50 times into
TB medium suppl emented with 50 €g/ ml kanan
and cultured at 37 UC, 25nfuceRRit.04%\p NGT e X
arabinoseatOfo~ 0. 2 two hours prior to | ®kNU induc

~ 0.60.8 and cultured overnight atil85 UC aft er anot her addi
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arabinose. Protein purification was done as mentioned in Section 4.2upémmatant
containing Histagged soluble proteins was filtered and purified using Histrap
columns (Cytiva, Cat . # 17524701) , foll owi

proteins were dialyzed against 50 mM THEI, 2.5% sucrose,pil8 . 5 at 4 UC.

24. 5. Re f o | -@158\gexpoessed id- ddliinclusion bodies

Protein expression was done as outlined in Section 4.2 using constructs pEF28aJ

Q158N and pET45WpNGT. At the end of culture, cells were harvested by
centrifugation at 4000 RPMfdr5 mi n at 4 UC. The cell pel!l
mM Tris-HCI, pH-8.5 containing 2 mM Ethylenediaminetetraacetic acid (EDTA) and

1 mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by sonication (15

cycles of 30 s burst/30 s cooling). The tgdhte was centrifuged at 10,@@r 20 min

at 4 UC. The <cell pellet con-HG@paBHhg | Bs
containing 1% Triton X100 by stirring for 1 h at room temperature. Washed IBs were
centrifuged at 10,0@0f or 10 mi n avere washed@gain h BEmMM THss

HCI, pH-8.0 containing 5 M urea, 20 mM DTT by stirring at room temperature for 1 h.

This was followed by centrifugation at 15,@00or 30 min at 4 UC. Th
were then solubilized in 6 M guanidine hydrochloride, M Tris-HCI, pH-8.0

containing 100 mMb-mercaptoethano{BME) at room temperature for 1 h. The

suspension was centrifuged at 109§00o r 30 min at 4 UC. Refol di
was done by dialysis of the supernatant against refolding buffer cogtamM Tris

HCI, pH-8.0, 4 M guanidine hydrochloride, 0.2 mM EDTA, 1 mM reduced and 0.1

mM oxidized glutathiones at 4 UC. Refol di
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guanidine hydrochloride in steps of 2 M were used for subsequent dialyses. The final

buffer contained 50 mM TribICI, 2.5% sucrose, 0.2 mM EDTA at 5.

2.4.6. SDSPAGE sample preparation and analysis

Approximately 1 €g of purified protein dil
SDS loading dye containiMEt o make a f i nal volume of 10
denatured alt0 9 nUCinfdorcol ed to 4 UC befor
ladder (Pecision Plus Protein Standards, #tad, Cat. # 1610363) was loaded for
reference. Precast polyacrylamide staee gels were used for electrophoresis (Mini
PROTEANE TGHXr eSetEaimr ot eRad) CaG ¢ #568086,4668106).
The gels were run in 1Xris-Glycine-SDS buffer at 220 V for 35 min. Gel imaging

was done using Gel-RddocE EZ | mager (Bio

2.4.7. Mass spectrometric analysis of | FNU

| FNU sampl es wer e prepared i n 0.1% f or mi
QExactivePlus OrbiTrap maspectrometer in line with Ultimate 3000 HPLC system
(ThermoFisher) for liquid chromatograplejectrospray ionization mass spectrometry

(LC-MS) analysis. Protein chromatography was performed on a C4 column (XBtidge
BEH30O0, 3.5 &gm, 2 . ters)lat a5ldw ratenof 0.43n0Mdin apd, a Wa
column temperature of 23 UC. Water contain
0.1% FA were used as solvents A and B respectively. Column equilibration was done

with 5% B for 2 min, followed by sample injectioncha 6 min linear gradient of 5
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95% B for protein separation. Column washing was done with 95% B for 2 min,
followed by column equilibration with 5% B for 2 min. MS scan range was set at 400
to 3000m/zwith a scan speed of 0.9 Hz amdesolution 0140,00. MagTran software

(Amgen) was used to deconvolute the profiles.

2.4.8. Expression and purification of EndoGIC80H inE. coli

Expression of EndoC®I180H was done using a protocol adapted from previously

reported literatur¥. Briefly, E. coli BL21(DE3) cells transformed with plasmid

PET41BEndoCGN180H were cultured at 37ultlh€, 250 R
was diluted 20 times into 1L Luria Bertani
kanamycin and cultured overnight at 30 UC
centrifugationat40 0 RPM for 15 min at 4 UC. The cel
ml bacterial cell lysis buffer (GoldBio E)
40 U of DNase and incubated at 37 UC for 1
RPMfor30minatdJ C. The supernat anttaggedentyméwas ng s o |

filtered and purified using a HisTracolumn. The eluted protein was dialyzed against

PBS,pH7 . 4 at 4 U80amtwc€.stored at

2.4.9. Transglycosylation of glucosylated 6xHis NJ158N byEndoCGN180H

A mixture of the glucosylated 6xHisFNQJL 58 N ( 400 ¢ g, 0.8 mg/ ml
glucosylated), SCbxazoliné®( 500 eg), and the N18OH mutar

0.01 e€g/el) was-HChcbhdtfed i(rRO0OamWri o H 7. 5)
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enzymatic transglycggation was monitored by LGAS analysis. After 2 h, an
additional portion of SCxazoline was added to push the reaction to completion.
Then t he s i -Q158N arbdeati was Fshlated by lectin affinity

chromatography.

2.4.10. Enrichment of sialyledl 6xHisl F NJ158N

SiaRich™ PanSpecific Sialic Acid Affinity Column (Lectenz® Bio) was used for
enrichment of 6xHid F NQA58N-SCT using the recommended protocol, on an
AKTA FPLC System (Cytiva). The column was equilibrated with at least 5 column
volumes of binding buffer (10 mM EPPS, 10 mM NaCl, -gt5). The
transglycosylation reaction mixture of 6xHisF NJ158N was dialyzed against the
binding buffer to get rid of excessive S©@Xazoline and salts. The dialyzed solution
was diluted to 1 ml with bindg buffer before loading on to the column ati 0.3 ml/

min. The column was then washed with 10 column volumes of binding buffer at 1
ml/min. Elution was performed with 5 ml of 10 mM EPPS, 500 mM NaCl buffer, pH
7.5. 0.5 ml fractions were collected, amargples were analyzed using AMS. Column
regeneration (10 mM EPPS, 1 M NacCl buffer,-pi3) and storage conditions were

followed as recommended in the product datasheet provided by the manufacturer.

2.4.11.In vitro anti-proliferative assay

Daudi cells(ATCC® CCL-2 1 3 E) were maintainedbdd n suspeEe

medium (ATCC) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and
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100 &g/ ml s t -75eflasksd Sanstedi).Cells were Buldtured every 23

days, when the cell density reachli 2 x 1@ cells/ml, with a seeding density of £

x 1@ cells/ ml. The antproliferative assay was conducted following previously

reported protocol8®1% Interferon alfa2b CRS batch 6 (EDQM Catalogue code:

10320301, Millipore Sigma) was used as a reference standard for comparison of the

bi ol ogical activity of engineer eddandFNU. Se
test samples) were made in aWeéll plate to attain a final concentration range of

0.7790. 003 ng/ ml (10 €1 volume in each well)

in duplicates. To each well, 2 @ls/m ofl of Dau
culture medium was added. Well s with only
culture medium (no | FNU or cells) were run

at 37 Ug,0r5%96CCh. 10 ¢ -8 (Bigma)Gvad addedtoeacht i ng K
well and the plate was »fon3duhb Bhe ebdorbante o8 7 UC,
formazan released by viable cells by reducing W8J2-(2-methoxy4-nitrophenyl}
3-(4-nitrophenyl}5-(2,4-disulfopheny2H-tetrazolium, monosodium salt] dye was

measured at 450 nosing a spectrophotometer. Dasee s ponse curves of |
absorbance (A450niin A600OnNm) were plotted in each case using GraphPad Prism to

obtain IC50 values.

2.4.12.In vitro trypsin digestion of 6xHis F NJ158N
10 &g -®I58NGH MU o rQ158\WFICU was mixed with trypsin at a final
enzyme concentration-HGlfpH8. @ agd mi ncuab &0De thM:

1 g sample was drawn from the reaction mi
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f or -QIE3NGIc and 0, 60, 120, 240,360,840 1 6 8 0 miQL58RICT. | FNU
Drawn samples were added to 0.1% ®£2mr mi c ac
CRS batch 6 for LAMS anal ysi s. The decrea®l&8Ni n rel a
(100 * I/1o) with respect to the internal standard was maadmver time, where is

the relati ve-Ql58Naetimetiandyi so ft hleFNUe | ati-ve i nten
Q158N at t = 0. Halfives of the proteins towards trypsin digestion were obtained by

fitting the data to firsbrder decay as reported iretpast'*'*?using GraphPad Prism.

The firstorder decay equation used for the fittingsl: = (lo - Plateau)*expk*t) +

Plateay wherek is the rate constardnd plateauepresentshe relative intensiy of

| F NJA58Nat infinite time.
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ChaptExprsession and substlr-ate sp:

fucosi dases for modul ating core

The study reported in this chapteas beempublished in Bioorganic and Medicinal
Chemistry journaP’. My contributions to tk study include lanning and execution of
experiments and analysi$ results Synthesis of core fucosylated substrates was done
in collaboration with Dr. Chao Li, Dr. Guanghui Zong and Roushu Zhang, Wang lab,

UMD.

3.1 Introduction

Ce

Core fucosyl at i onl,6 fuchse maety todshe ihnerendstacetylf a n
glucosamine (GIcNAc) ilN-glycans in mammalian systems, is one of the most frequent
modifications onN-glycoproteins that can modulate the glycan confoionat and
regulates biological processes including cell adhesion, signal transduction, and
developmerit®!8 Further, the role ofare fucose in tumor growth and progression

has been demonstrated in several stdtié¥?%. For example, gene knockout of FUTS,

the U-1,6-fucosyltransferase that is responsible for core fucosylation in mammalian
systems, in liver cancer cell lines and xenograft mouse models has shown reduced
signaling through growth factor receptors and subsequent tumor suppr&ssion
Additionally, corefu ¢ o s y Hedopretein (AFPL3) is upregulated in liver cancers

and is an FDA approved biomarker in hepatocellular carcikdmia addition to
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regulating biological functions, core fucosylation also presents structural implications.

Pr e s e nik6eoreflicosélin glycoproteins impacts the conformatiohsghjcans

and thus modulates their affinity for respective leé¢ting> In the case of monoclonal

antibodies, core fucosylation of Ig&c N-glycans at Asf297 interferes with the

favoreble carbohydratearbohydrate interactions between tiNeglycans from

antibody Fc domain and Fc receptors, thus decreasing the affinity of antibody for

Fcol | | a? canpalipgtdata have shown thratmoval of core fucosylation in

IgG-FcN-gl ycans can significantly eniodpnce Fcol
resulting in remarkably increased ADCC and enhanced therapeutic effitaty

Given the structural effects and biological importance of core fucosylation, it is crucial

to develop tools that can modulate the fucose content of glycoproteins and antibodies

for structuré function relationship studies as Was$ for therapeutic applications. Many
UL-fucosidases have been reported but only a few have been confirmed to be able to

act o nl,6-glyeasidicUinkage to the innermost GIcNAc residue (the core
fucose}*1?813%5  We have previousl y -Lducosidase fronhat a n
bovine kidney could remove core fucose from Efdiveated IgG antibody, but it has

only low activity and requires a long aabation time to achieve complete
defucosylatiof®. Later,we have f o winfdcositiases fronBattezoidds

fragilis (BfFuc) andLactobacillus casefAlfC) could much more efficiently remove

the core fucose from Fadeglycosylated antibodies than the bovine kidney enzyme,

although none of the enzymes showedeable defucosylation activity on intact IgG
antibodie$*'®2 Wongandcavor ker s have independently rep

fucosidases (BfFuc and AlfC) could not act on intact glycoproteins including antibodies
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either but hydrolyze the core fucose when the extéirgilcans were removétf. On

the other hand, FucA1, thelm a f_-futbsidase, is responsible for the defucosylation

of fucosylated substrates in lysosomes and its activity of defucosylation has been
associated with tumor suppression®®. Furthermore, ain vitro study with FucAl

has demonstrated that FucAl could remove core fucose from free cetyypdX-
glycans®’. However, the substrate specificity and substrate striictctigity
relationships of FucAl and the abewee n't i o0 n e d-L-fucasidases siill@rain U

to be further characterized. One challenge in probing the substrate specificity of these
UL-fucosidases is the availability of structurally wedfined corefucosylatedN-
glycans, glycopeptides, and glycoproteins due to the difficulties in isolaim
synthesis of corfucosylated oligosaccharides and glycoconjudété®. We describe

in this paper the chemoenzymatic synthesis of an array ofde®iled core
fucosylated oligosaccharides, glycopeptides, and glycoproteins including antibodies
(Figure3.1). These fucosylated compounds wereduse a comparative study on the
substrate specificity -Ldfuocodidase ¢FudAl)ianditveos o f
bact erfiuaccosl dases (Al fC and Bf Fuc)-L- Our
fucosidases had different substrate specificity and aesvilihe two bacterial enzymes
were found to hydrolyze the core fucose only when the core fucose was exposed by
endoglycosidase treatment to remove the external sugar residuedNeglifeans. In
contr ast ,-L-fudosidask, FunAlnwadithe only emsycapable of removing

core fucose from some intact flingth glycopeptides and glycoproteins. FucAl also
demonstrated a low but detectable activity to remove core fucose from intact

antibodies. Furthermore, the nature N¥glycosylation on antibodies ppared to
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influence the defucosylation activity of FucAl, which demonstrated higher hydrolytic
activity on the high mannose glycoform than the compyge glycoform of an

antibody.
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Figure 3.1. Substrates used for testing hydrolytic activity of a-fucosidases. p-nitrophenyl a-L-fucoside (1); CD52-
GN-F: a 19-mer glycopeptide containing CD52 antigen, sortase A signal sequence and truncated N-glycan (2);
CD52-SCT-F: CD52 glycopeptide containing core fucosylated biantennary sialylated complex type glycan (3);
V1V2-GN2-F2: a 24-mer cyclic glycopeptide derived from the V1V2 region of HIV-1 gp120 glycoprotein (4); CT-
F: core fucosylated complex-type free N-glycan (5); GM-CSF-HM-F: granulocyte macrophage colony stimulating
factor containing fucosylated high mannose glycan (6); GM-CSF-WT: GM-CSF wild type containing a mixture of
complex-type N-glycans (7); Rituximab: IgG1 antibody (8); RTX-GN-F: Deglycosylated Rituximab containing
Fucal,6GlcNAc (9); RTX-MS5-F: Rituximab containing core fucosylated mannose-5 glycan (10)
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3.2. Results and discussion

3.2.1. Synthesis of the fucosylated glycopepti@e8 &nd4) and a fucosylated

biantennary complekype N-glycan &)

A total of ten fucosylated substratel 10) (Figure 3.1) were applied to study the
substrate specificity of the three enzymes. The gamhof fucosylated glycopeptides

(2 and3) started with the preparation of the GlcNpeptide, CD5A5N (11), a 19mer
containing the CD52 antigen sequence and the sortase A signal sequence (LPKTGGS),
followed by enzymatic core fucosylation and transglytson (SchemeS.1). The
inclusion of a sortase A signal sequence was for the purpose of further enzymatic site
specific conjugation for future applicatidf$'44. Solidphase peptide synthe¢8PPS)

on an automated peptide synthesizelofeing our previously published procedtfte

gave CD52GN (11) in 70% vyield after HPLC purification. Core fucosylation was
achieved by using the fucoligase AIfC E274A that we have previously repotteth

was abl e t o us-&cosyifloopde as the yamdr ubstratedo atilach an

U 1 -Jined fucose to a GlcNAc moiety in peptideThe resulting coréucosylated
glycopeptide CD5XN-F (2) was purifiedusing preparative HPLC in 62% yield and
characterized by L®IS (Figure3.2A,B). Transfer of a biantennary complgppe N-

glycan to2 was achieved by using an EndeB365A mutant, which was specific for
glycosylation of fucosylated GIcNAc acceptor subsfatgiving the fultlength
glycopeptide ) (Scheme3.1). The glycopeptide3] was purified by preparative HPLC

in 42% vyield and characterized by {MS (Figure3.3A,B).
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Figure 3.2. Synthesis and hydrolysis of CD52-GN-F (2). A) Preparative-HPLC on a RP C18 column. A
linear gradient of 5 to 35% acetonitrile containing 0.1% TFA over 30 minutes at a flow rate of 12 ml/min.
tg = 14.959 minutes. B) ESI-MS of CD52-GN-F: calculated, M = 2197.0 Da; found (m/z), 733.49 [M +
3H]*", 1099.60 [M+2H]?**. C) ESI-MS of the hydrolysis product, CD52-GN (11): calculated, M = 2051.4
Da; found (m/z): 684.85 [M+3H]**, 1026.58 [M+2H]*".
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Scheme 3.1: Chemoenzymatic synthesis of core fucosylated glycopeptides
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Reagents and conditions: (i) AIfC E274A (0.0014 mol equiv of 11), a-fucosyl fluoride (6.36 mol equiv of
11), PBS (pH-7.4), 37°C, 2 h. (ii) Endo F3 D165A (0.0009 mol equiv of 2), SCT-ox (2 mol equiv of 2),
PBS (pH-7.4), 30°C, 0.5 h.
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Figure 3.3. Synthesis and hydrolysis of CD52-SCT-F (3). A) Preparative-HPLC on a RP C18 column. A
linear gradient of 5 to 25% acetonitrile containing 0.1% TFA over 40 minutes at a flow rate of 4 ml/min.
tg = 10.009 minutes. B) ESI-MS of CD52-SCT-F: calculated, M = 4199.1 Da; found (m/z), 1051.09 [M +
4H]*, 1400.93 [M + 3H]*". C) ESI-MS of CD52-SCT: calculated, M = 4053.1 Da; found (m/z), 1014.36
[M + 4H]*", 1352.29 [M + 3H]*".

To further assess the hydrolysis of core fucose from a glycopeptide containing more
than oneN-glycosylation site, we also synthesized fucosylated glycopeptide?4

mer cyclic glycopeptide derived from the V1V2 regidreovelope glycoprotein gp120

of HIV-1 strain ZM10938. First, the precursor GlcNpeptide, V1IV2GN2 (12), was

synthesized using SPPS by modifying our previously described pro&€ddiee
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purified glycopeptide (62% yield) was fucoatgéd by AIfC E274A fucoligase to
provide fucosylated glycopeptidie which was purified by preparative HPLC in 70%
yield and its identity was confirmed by EXAS analysis (Figure3.4A,B). We also
synthesized a fucosylated biantennary compyge N-glycan &) using the fucoligase

AIfC E274A for direct core fucosylation (Scher@2). But in this case, we found that

the full-lengthN-glycan was a poor substrate, and a large amount of the enzyme was
required to drive the reaction. The fucosylated proda)oivés purified by preparative
HPLC in 27% yield and its identity was confirmed by MALDOFMS analysis

(Figure3.5A).

Scheme 3.2: Chemoenzymatic synthesis of core fucosylated glycopeptide 4 and N-glycan 5
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Reagents and conditions: (i) AIfC E274A (0.008 mol equiv of 12), a-fucosyl fluoride (10 mol equiv of 12), PBS (pH-
7.4), 37°C. (ii) AIfC E274A (2 mg/ml), a-fucosyl fluoride (10 mol equiv of 13), PBS (pH-7.4), 37°C, 3 h.
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Figure 3.4. Synthesis and hydrolysis of VIV2-GN2-F2 (4). A) Preparative RP-HPLC of V1V2-GN2-F2, 4.
tg = 10.117 minutes (Initial 5 min of the run was not captured on profile due to a technical error) B) ESI-
MS spectrum of V1V2-GN2-F2: calculated, M = 3533.7 Da; found (m/z), 707.78 [M + 5H]°*, 884.57 [M +
4H]*, 1179.04 [M + 3H]*". C) ESI-MS spectrum of V1V2-GN2: calculated, M = 3241.7 Da; found (m/z),
649.38 [M + SH]**, 811.43 [M + 4H]*", 1081.58 [M+3H]**. D) Analytical RP-HPLC of a 1:1 mixture of 4
and 12. A linear gradient of 5 to 40% acetonitrile containing 0.1% TFA over 50 minutes at a flow rate of
0.5 ml/min. tg: V1V2-GN2-F2 = 41.367 minutes, V1V2-GN2 = 42.686 minutes.
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Figure 3.5. MALDI-TOF profile of (A) CT-F glycan (5). Calculated, M = 1787 Da; found
(m/z), 1809.7 [M + Na]" and (B) the hydrolysis product, CT (13). Calculated, M = 1641 Da;
found (m/z), 1666.3 [M + Na]*

3.2.2. Preparation of theorefucosylated glycoprotein® @nd7) and antibodies)

and10)

To study the hydrolysis of core fucose in the context of intact glycoproteins, two types

of glycoforms of the granulocyte macrophage colony stimulating factor-QSH)
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were produced. GMCSFHM-F (6) was expressed in HEK293T FUT8+ cells in the
presence of kimhnnosidasesirihibitél, TheHistagyed paein was
purified using immobilized metal affinity chromatography (IMAC). A smear of protein
bands on SD®AGE indicated a heterogeneously glycosylated protein (FR6/9.

Glycan characterization was done by releadiglycan from the protein using
PNGase F, followed by glycan enrichment and MAEDDFMS analysis. A mixture

of partially fucosylated high mannose (Ma@pglycoforms was seen in the released
N-glycan (Figure3.6B). On the other hand, the complgpe glycoform, the His
tagged GMCSFWT (7), was expressed using the above method in the absence of
kifunensine. Purification and characterization of the glycoprotein were done as
explained above (Figu®7A). The releasel-glycan showed a mixture of glycoforms

with tri- and tetraantennary compix-typeN-glycans as the predominant forms (Figure
37B) . For test i ng-futosidasesaon tntacy antibgdies) we chosee U
Rituximab @), a therapeutic monoclonal antibody as a model and prepared two variants
of corefucosylated glycoforms 10). First, Rituximab was treated with
endoglycosidase EndoS2 to hydrolyze the Fc glycan, giving the truncated fucosylated
gl ycof or m, F RTeX (RITX-GNEH, 9). Nher, a highmannose (ManSy-

glycan was transferred ® using theEndoS2D184M mutanf® to afford the Man5
glycoform (10) (Scheme3.3). The identities of the antibody glycoforn& {0) were

confirmed by LGMS analysis (Figur8.8A, 3.9A, 3.10A).

56



A) kDa

75 :
50 |-
37 | =
25 |-
20 | '
15 |~
y 1905.7
100 1743.7 8,910
90
80
e 70 1889.7 12
> 60 17277
‘@ 2051.8
g 50
= 40
s Iy
20
1403.6 1419.6 1565.6
10
0 OUTTRNN | WO I\ FUTRPN | U st
1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400
m/z ratio
&)

105

1 1008 .8
80 |
75
70
o5 {
2 15823 {Z
20 { 20530
15

Intensity %

10 14202

o
1.100 1.200 1.300 1.400 1.500 1,600 1,700 1,800 1.000 2,000 2,100 2200 2300

miz ratio

Figure 3.6. Expression and characterization of GM-CSF-HM-F (6). (A) SDS-PAGE of the purified
protein showing a smear of bands (B) MALDI-TOF MS profile of N-glycan released from 6 (C)
MALDI-TOF MS profile of N-glycan released from the hydrolysis product, GM-CSF-HM
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Figure 3.7. Expression and characterization of GM-CSF-WT (7). (A) SDS-PAGE of the purified protein
showing a smear of bands. (B) MALDI-TOF MS profile of free N-glycan released from 7. (C) MALDI-
TOF MS profile of free N-glycan released from hydrolysis product of 7. Highlighted glycoforms were
monitored to calculate the hydrolysis yield.
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Scheme 3.3: Chemoenzymatic synthesis of defined core-fucosylated glycoforms of antibody (9, 10)

i) ii)
v v EndoS2 WT v v EndoS2 D184M

sl
. OH
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- o ]
o HO

(0-2)xc : :_;. " - —ox(0-2)
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Reagents and conditions: (i) Commercial Rituximab (4 mg/ml), immobilized EndoS2 WT (0.1 mg/ml),
PBS (pH-7.4), RT, 3 h; (iii) 9 (10 mg/ml), EndoS2 D184M (0.2 mg/ml), Man-5 oxazoline (80 mol
equiv of 9), PBS (pH-7.4), 30°C
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Figure 3.8. Characterization and hydrolysis of Rituximab (8). Deconvoluted ESI-MS profiles
showing Fc monomer of IdeS-treated antibody. (A) Rituximab, 8 and (B) 8 treated with FucAl
for seven days. GOF, G1F, G2F refer to core-fucosylated complex type glycan containing 0, 1
and 2 terminal galactose residues, respectively. GOF-GN refers to GOF complex type glycan
without a terminal GIcNAc on one mannose arm. GO and G1 refer to the non-fucosylated
complex type glycan containing 0 and 1 terminal galactose residues, respectively.
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Figure 3.9. Chemoenzymatic synthesis and hydrolysis of RTX-GN-F (9). Deconvoluted
ESI-MS profiles showing Fc monomer of IdeS-treated antibody. (A) RTX-GN-F, 9 and (B)
the hydrolysis product, RTX-GN
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Figure 3.10. Chemoenzymatic synthesis and hydrolysis of RTX-M5-F (10). Deconvoluted
ESI-MS profiles showing Fc monomer of IdeS-treated antibody. (A) RTX-MS5-F, 10 and (B)
10 treated with FucA1 for seven days

3.2.3. Hydrolysisop-n i t r o plhfeuncyd s iidfecoshiases U

Recombi nant expr essi-a-fucosmases wasuperfofmedc layt i o n
foll owing previously r ep.ducasigade, ucAb,avasd ur e s .
expressed as a fusion protein withNsterminal green fluorescent protein (GFP) tag in
HEK293T celld*°. AlfC and BfFuc were expressedHncoliBL21(DE3) straif®. The
three Histagged enzymes were purified by IMAC and analyzed using-BAGE
(Figure3.11). Previous studies have characterized that thenappH of AIfC'?® and

BfFuct®**is around pH 7, while FucA1 has an acidiadibion (pH 4.5) for the optimal
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enzymatic hydrolysis®. To compare the substrate specificity and hydrolytic efficiency
of the enzymes, we performed reactions at the respective optimum pH of each enzyme.
Reactions with AIfC and BfFuc were done in PBS at pH 7.4. Meanwhile, FucAl

reactions were set up in sodium acetate buffer at pH 4.5.

1 2 3 4
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75 L
i~

S0 | - -
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Figure 3.11. Expression and purification of recombinant a-fucosidases. The purified a-fucosidases
were run on a reducing SDS-PAGE. Lane 1 — Protein ladder containing protein standards of
specified sizes, Lane 2 — 10xHis-AlfC. Calculated molecular mass = 69 kDa. Lane 3 — 6xHis-
BfFuc. Calculated molecular mass = 39 kDa. Lane 4 — 6xHis-GFP-FucA1l. Calculated molecular
mass = 85 kDa

The purified enzymes were first tested for activity wiNiP-Fuc @) at 37 UC. Reac
progress was monitored by measuring the UV absorbance (at 410 nm)pMRhe

product formed. BfFuc and FucAl showed efficient hydrolysi& while AIfC was

required at a0-fold higher concentration to achieve comparable hydrolysis (Figure

3.12).
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Figure 3.12. Hydrolysis of fucosylated saccharide by a-fucosidases. Time course profile of hydrolysis of (A)
5 mM p-nitrophenyl L-fucoside (1) by 0.5 ug/ml enzyme (n = 3). (B) 5 mM p-nitrophenyl L-fucoside (1) by
5 ug/ml AIfC (n = 3).

3.2.4. Hydrol ysipeptidest FucU1l, 6 Gl c NAc

Next, we evaluated the hydrolysis of glycopeptides containing-focosylated
GIcNAc. We used twalycopeptide substrateshe 19mer CD52GN-F (2) and the
24-mer V1V2GN2-F2 (4) carrying one and two core fucose residues, respectively. The
yields of defucosylation were estimated based on relative abundance of the cleaved
product using mass spectrometric analysis. Additionally, a mixturé ahd its
hydrolysis product, V1IVZN2 (12) were separated and quantified using-HRFALC
(Figure 3.4D) and the results were confirmed using mass spectrometry. In case of
glycopeptide2, AlfC and BfFuc hydrolyzed the substrate efficiently, while FucAl
showed much lower hydrolytic activity than thew o b a e {fueosidase$ (Figlire
3.13A, 3.2C). Similar trends were observed with glycopepdd€&igure 313B, 3.4Q.
Thus, t he {-fucosidases (AIRE arid 8fFuc)l@re much more active on the

truncat ed F-peptides théh @k louaidfucosidase (FucAl).
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Figure 3.13. Hydrolysis of Fucal,6GlcNAc-peptides by a-fucosidases. Time course profile of hydrolysis of (A)
CD52-GN-F (2) at 0.01 mg/ml enzyme concentration (n = 3). (B) CD52-GN-F (2) by FucA1l at 1 mg/ml enzyme
concentration (n=3). (C) V1V2-GN2-F2 (4) at 0.01 mg/ml enzyme concentration (n = 3).

3.2.5. Hydrolysis of fuHength fucosylated compleype N-glycan and intact

gl ycope pLtfucabidaseésy U

Next, we turned our attention to-L-test t h
fucosidases on fulength fucosylatedN-glycans and glycopeptides. Recent studies

have demonstrateih vitroa ct i vi ty of Fu c A fucoside$®ands y nt het i
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with corefucosylated biantennary sialylated comptgge free N-glycan®. We first
assessed the acti vity-fuoobidaseswithcbrieosylhited he ot h e
biantennary complestypeN-glycan §). As expected, FucAl efficiently defucosylated

N-glycan &). However, AIfC and BfFuc did not show any fucosidase activity on the

full-length corefucosylatedN-glycan 6) (Figure 3.14A, 3.5B). Then, we tested the

activity o these enzymes on the cdteosylated fullengthN-glycopeptide 8). The

glycopeptide® was i ncub-aft edo wiiddaseheat 37 UC. Th
monitored by LEMS analysis. We found that FucAl showed considerable hydrolysis

of the glycopepide at 1 mg/ml enzyme concentration and the reaction could be pushed

to completion by increasing the amount of enzyme and/or prolonging the incubation

time (Figure3.14B, 3.3Q. In contrast, like the case of the fidhgth N-glycan ),

AIfC and BfFuc dd not show hydrolytic activity on the intact fiéingth fucosylated

glycopeptide 8) either (Figure3.14B). Taken together, these results reveal that AIfC

and BfFuc are much more active to defucosylate the truncatéd Fyc6 G Fpephide c

substrates thaRucAl, but the human enzyme (FucAl) is the only one that showed

apparent activity to defucosylate intact fldhgth corefucosylated\N-glycopeptides.
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Figure 3.14. Hydrolysis of full-length fucosylated complex-type N-glycan and intact glycopeptide by
a-fucosidases. (A) Hydrolysis of complex-type free N-glycan (5) by 1 mg/ml enzyme in 7 h (n = 3)
(B) Hydrolysis of intact glycopeptide CD52SS-SCT-F (3) by 3 mg/ml enzyme in 21 h (n = 2).

3.2.6. Hydrolysis of fucosylated intact glycoproteins byhhe m a-Infuctsidase

FucAl

The successful defucosylation of intact glycopeptide by FucAl encouraged us to
examine its activity with biologically relevant glycoproteins. Human granulocyte
macrophage colony stimulating factor, GB&F is a cytokine involveth immune
functiond*®and contains two conservBdglycosylation sites. We expressed two types

of glycoforms of GMCSF usig HEK293T cellsi a) a fucosylated high mannose
variant and b) the wildype protein containing mainly compkéype N-glycans. First,

we tested the hydrolysis of GISFHM-F (6) b y -L-futpsidadgs. The extent of

defucosylation was estimated by releakthe totalN-glycans and measurement of the

releasedN-glycans using MALDI TOF-MS analysis. We have previously found that
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the estimate by MALDITOFMS analysis of the fucosylated and rAoicosylated
high-mannoseéN-glycans is consistent with the more aate HPLC quantificatiori®.
Gratifyingly, an overnight incubation of GI@SFHM-F with FucAl showed a high
amount of defucosylation (estimated as 70% of released\iafigican) (Figure3.15A,
3.6C). Prolonging the incubation to two overnights under the reaction conditions
showed 85% of released tobddglycan to be defucosylated (data not shown). Next, we
assessed the defucosylation of @8FWT. The WT protein contains a mixture of bi

to tetraantennary compleype N-glycans, with fucosylated tetrand triantennary
glycans terminating in GIcNAc as the two most abundant glycoforms, respectively.
MALDI -TOFMS analysis ofN-glycan released from FucAteated GMCSFWT
showed defucosylation buie reaction progress was slow. We observed about 50% of
total N-glycan released from the glycoprotein to be hydrolyzed in seven days (Figure
3.15B, 3.7C), while the protein control incubated without the enzyme did not show any
loss of fucose. Upon compagrdefucosylation of the two variants of GEBF by
FucAl, hydrolysis of complegype glycoprotein appears less efficient than that of the

high-mannose type.
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A)

Figure 3.15. Hydrolysis of fucosylated intact glycoproteins by a-fucosidases. (A) Hydrolysis of
GM-CSF-HM-F (6) by 1.5 mg/ml enzyme in 21 h (n = 3) (B) Hydrolysis of GM-CSF-WT (7) by 0.6
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Next, we evaluated the removal of core fucose from intact antibodies. The conserved

glycosylation site at N297 in antibody Fc is buried within the antibody dimer making

the site difficult to access for modifications. Hence, discovery of annemlyat can

efficiently modulate core fucose of intact antibodies is very valuable. To study the

hydrolytic capability of FucAl with antibodies, we used commercial monoclonal

antibody, Rituximab®). About 10% hydrolysis of the antibody was observed irisev

days at an equimolar ratio of antibody to enzyme (Fi§u@A, 3.8B). The result was

reproducible in multiple independent reactions. Although the defucosylation yield was

low, to our knowledge, this was the first example of direct enzymatic defudoaylat

of

i ntact
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hydrolytic activity on the intact antibody. Wong andworkers as well as our group

have previously reported that AlfC and BfFuc could efficiently remove thefocose

from the endoglycosidager et r eat ed; t r u ractibodyendernfediateU1 , 6 GI ¢
for glycan remodeling to produce nfucosylated antibody glycoforrffs®®132.133 e

thus compared the hydrolysis of RIGN-F (9) by t h-lefucosilaseseln U
agreement with previous reports, AIfC and BfFuc were found to be efficient in
removing core fucose from the deglycosylated antibody (FiguiéB, 3.9B).
Interestingly, FucAl showed only low hydrolytic activity on the Bdc, 6 GF ¢ NAc
antibody ) under a similar condition and a large amount of enzyme was required to
give hydrolytic activity comparable to the AIfC and BfFuc (Fig@t&6B). We also
observed that at a high antibody substrate concentratihrog/ ml), the AlfGhowed

hi gher apparent initial rat e faotibodg@he def uc
than BfFuc, confirming our previous resdft Interestingly, when the substrate
concentration is low<5 mg/ ml), the BfFuc showed a higher apparent rate of
hydrolysis of9 (data not shown), consistent with the observation from Wong and co
workers®3, These results suggest that AIfC may have lower substrate affinity (higher
Kw) for the antibody but higher turnover rate than the BfFuc enzyme, which should be
clarified in future kinetic studies. As an initial study to evaluate the effect of different
N-glycans on the defucosylation of antibody by FucA1, we prepared a Man5 glycoform
of Rituximab, RTXM5-F (10) and tested it with FucAl. We found that FucAl had
much higher activity on the fucosylated Man5 glycoforfid)(than the parent
Rituximab @), giving ca. 55% yield of defucosylation in a total of seday incubation

(Figure3.16C, 3.10B), while incubation of Rituximal8) under similar condition gave
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ca. 10% defucosylation (FiguBel6A). This result suggests that FucAl can distinguish
between different corucosylatedN-glycans for defucosylation. In contrast, AlfC and
BfFuc did not show hydrolytic activity on the cefiecosylated highmannose antibody
glycoform (0) (Figure 3.16C). The finding that FUCA1l possesses low but apparent
defucosylation activity on intact monoclonal antibodies is significant, as this discovery
raises an exciting opportunity to enzymatically remove the core fucose directly from
recombinant monoclonal antibedi to enhance their antibedgpendent cellular
cytotoxicity and the overall therapeutic efficde$127 The defucosylation activity of

FucALl on intact antibodies may hether improved through directed evolutiéht>:
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Figure 3.16. Hydrolysis of fucosylated intact antibody by a-fucosidases. (A) Hydrolysis of Rituximab (8) by 2.8 mg/ml
enzyme in 7 days (n = 4). (B) Time-course profile of hydrolysis of RTX-GN-F (9) by 0.15 mg/ml enzyme (n = 2). Green
dotted line shows activity of FucAl at 1 mg/ml enzyme concentration (n = 2). (C) Hydrolysis of RTX-M5-F (10) by 1.6
mg/ml enzyme in 7 days (n = 3).
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3.2.8. Surface plasmon resonanceeeptorSPR) ana

with the antibodies treated by FucAl

To characterize the structural and functional integrity of the antibodies treated with

FucAl, we assessed the receptor binding affinities of the partially defucosylated
glycoforms obtained by FucAl treatmeltts well established that the core fucose on

the FcN-glycans impacts the local conformations of Fc dodtaiand affects the
antibody binding t o *FEcDefudodylationrhasdeep shonm ( Fc o R
to significantly enhance t hfeld®@mnheiypcaldy 6s Fc
complex type Fc glycofori® but only moderately {23 fold) enhance the affinity for

FcoRI Il a i n -manmse typesglgcofortt1>HThug, the affinity of the

partially defuce y | at ed anti body mi xtures for the F
estimate on the structural and functional integrity of the antibodies after treatment with

the fucosidase, as Fc denaturation might occur during the long incubation to potentially
contribute to the observed defucosylation. First, we used the -fooasylated

rituximab and the partially defucosylated antibody generated by FucAl treatment to
measure the binding to recombinant FcoRI I I
resonance (SPR) analys@ur data showed a marginal enhancementf@ld} in the

binding affinity of the FucAdhydrolyzed antibody (Figur8.17A, 3.17B). The KD

value changed from 71 nM of the intact rituximab to 56 nM of the partiaill¥0%)

defucosylation of rituximab. Theath suggest that the Fc domain maintained its active
conformations without denaturation during the long fucosidase incubation and a small

fraction of the antibody was defucosylated, as reflected by the slight increase in the

FcoRI 11 a af filyredthg bindihgeaHirities ofnhee Manb glycoforms of
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rituximab. We found that the mixture, which contains ca. 55% defucosylated
glycoforms after FucAl treatment, showed about afbld enhancement in binding
affinity to t3léC, D). Rielkvaue ¢ch&ged iome03 nM of

the fucosylated Man5 glycoform to 70 nM of the partially defucosylated Man5
glycoform. To provide an accurate sidgside comparison of the impact of
defucosylation of the Man5 glycoforms, we produced a-fnonsylted rituximab

Man5 standard through glycoengineering. Binding analysis of the rituximab Man5
glycoform with Fc»&H8d3nMaEigved. B), whithdramglades a K

to a 2.4fold enhancement in binding affinity over the céueosylated glycoudant.

The Kp value of rituximab Man5 glycoform agrees with the previous reported values

of 32 nM for the Man5 glycoform and 27 nM for the Ma@§lycoforms of 1gG1°®,

Indeed, in comparison to the cdreosylated complexype Fc glycoforms of

antibodies, the nefucosylated oljomannose glycoform appears to possess oniy a 2

3f old enhancement in affinity for FcoRI I I
studie$®**>> The moderate impact of cefeu cosy |l ati on on FcoRI Il 1| a
sharp contrast to the dramatic increase (up tdoBl) in binding affinity upon
defucosylation of corfucosylated complexype antibody Fc glyaforms. Our results

are consistent with previous studies and thfl®l d enhancement in Fco
of the partially defucosylated Man5 glycoforms confirmed that about 50%
defucosylation occurred in the sample and that the Fc domain maintainetivan ac

conformation without denaturation during the FucAl treatment.
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Figure 3.17. SPR sensorgrams showing binding profiles of antibody glycoforms to FcyRIIIA
receptor. (A) Intact Rituximab (B) Rituximab defucosylated by FucA1l (10% yield) (C) RTX-M5-F
(D) RTX-M5-F defucosylated by FucAl (55% yield) SPR sensorgrams showing binding profiles of
antibody glycoforms to FcyRIIIA receptor. (E) RTX-MS5 standard

3.3 Conclusion

A comparative study of the substrate speci
L-fucosidases frorBacteroides fragiligBfFuc) and_actobacillus casgAIfC) and the

h u ma-infuctidase (FucAl) is described. This study was enabled by the signthe

of an array of structurally wetlefined corefucosylated N-glycopeptides and
glycoproteins including a few antibody glycoforms. The experimental data reveal that

the two -bfacd®siihdsels hydrolyze eoeptidg trunca
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