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Abstract

ImmunoglobulinG (IgG) is a complex glycoproteirthat is largely being used in the
developmentof antibodybasedtherapeutis to treat a variety of diseases such as cancer
autoimmune diseases, aimfectious diseases. A major challengealeveloping suckherapeutics
originatesfrom the heterogeneity of the Asn297 glya#dngG. This sugar part (Asn297 glycan)
of IgG has been shown to playp amportantrole in the antibody properties such as antjpod
stability, effector functions, solubility, pharmacokinetics, and imngenaity. To study the
effect of Asn297 glycan composition on the properties of the human (gGReferred 1gG
subclass for developing antibotigsed therapewus when the antibodyféector functions are not
required) we developed an approach to produeemogeneou$gG2 Fc glycoforms. Studying
these homogeneougG2 Fc glycoforms suggested thanriching the core fucoseithin IgG2
Asn297glycan could add more advantages to develppgG2based therapeusdy providing
more reduction in anpossibleundesirable effector functions of theberapeuticsThe in vitro
enzymatic synthesis developed here also enabtedies of different glycosylation sites
accessibility to glycosyltransferaseand expanéd our understanding othe glycosylation
heterogeneityThe Asn297 glycan also offers a greaportunity in developin@ntibody drug
conjugates (AD®), a therapeutic modality where a toxic payload is conjugated to 1gG.aflye e
ADC development relied on conjugating the payload-specifically through either the lysine or
cysteine residuesf IgG using conventional chemistrid8roducing ADG in this way, results in
heterogeneougproducts. ADC heterogeneityusually translate into poor pharmacokinetics,
stability, and efficacyIn this work, we developed a chemoenzymatic synthesis platform to
functionalize the Asn297 glycan in a novel way and use itsgeeeificsite for conjugation. The

work involved using andoptimizing click chemistry reactionfor conjugating different linkers



on IgG2 Fc. This approach enabled us to produce conjugates xadtlemt homogeneity.
Subsequenstudiesof these conjugateshowed the utility of the approach followed here in
making of site-specific conjugates with good properties and the possibility of following this
approach in designing and testing specific ADG during the process of developing next

generation ADG.
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Chapter 1

Introduction



Therapeutic monoclonal antibodies: An overview

Therapeutic monoclonal antibodies (mAb) represent one the fastest growing classes of
pharmaceutical products with more than 60 approved by the United States FDA as of May, 2016.
This rapid growth of therapeutic mAb as well as rrddrived products will resuin worldwide
sales of about $94 billion by 20X€¢ompared to $75 billion in 2013 which represented nearly
half of the total sales of all biopharmaceutical producisherapeutic mAb have been utilized
in treating a wide variety of diseases and clinical conditions including infectious aefiseas
cances, allergies, inflammatory diseasesid cardiovascular disease$herapeutic mAb have
the advantage of bindirteir targets in a specific manner which can resutewer side effects
than conventional pharmaceutical products. The high specificity of mAb toward certain antigens
also enabled the use of these biotechnology products as vehicles to deliver other compounds
(usually toxins) to cells expressing these antigens, such as in making of antibody drug conjugates
(ADCs).*” Also, the long biological halife of mAb is a unique featuref this class of
biopharmaceutical products and enabldsgh efficiency andeduced dose frequenof mAb

making them mee convenient in treatinghronic disease¥’

Monoclonal antibodies were first generated successfully by Kohler aisteiM in 1975
when they used hybridoma technology "tSwonproduc
after this success, which led to Nobel Prize, mAb became widely used in clinical labo@ories
indispensable biological tools in the diagnosis of many pathological conditions. At the same
time, interest was growing in making therapeutic mAb to treat certain diseases, especially cancer.
Early trials to make therapeutic mAlere not successful bacse most of these mAb produced
by hybridoma technology were of murine origih* Administration of murine mAb to humans
was associated with the development of humanmause antibodies (HAMA). This allergic

2



response (HAMA) results in reducing the effectiveness of the mAb and can range from mild
allergic reactions, such as rash, to more severe reactions resulting in renal failure. In 1985, the
first therapeutic mAb, Onbclone OKT3 (muromonaBD3), was approved by the FDA for the
prevention of allograft rejection in renal transplantation. Orthoclone OKT3, a mouse 1gG2a
produced by hybridoma technology, was continued to be used until 2010 when it was voluntarily

withdrawnfrom the market following subsequent advances in transplant meditines.

Started by midl980 and taking advantagéthe improvement in the fields of molecular
biology and protein engineering, several strategies have been introduced to improve the
chamcteristics of therapeutic mAb produced initially by hybridoma technology from murine
plasma cell$:**Most of these strategies were based on the rationale of reducing the extent of
mouse amino acid sequencéhin the antibody (antibody humanization) in order to minimize
any potential immunogenicity associated with injecting these antibodies into the hathain
one strategy, part of theariable domaingmino acid sequence of a mowuived antibody is
converted into the corresponding amino acid sequence of a human antibody. This strategy is used
to produce a mAb containing as much human antibody amino acid sequence as possible such as
in the production of chimeric (about 65% human) and humanized (abubh@&man) antibodies.

In other strateigs the produced mAb contains 100% huntgmived amino acid sequence
(human antibody) and this can be achieved through the use of certain technologies such as
phagedisplay and transgenimouse technologies. These ade@d technologies as well as the
development in mAb production and purification resulted in more successful production and
commercialization of mAb and the emergencéheftherapeutic mAb class as a rapidly growing

and promising class in the treatmentofariety of diseases.



Structure of human IgG and Asn297 glycan heterogeneity

Immunoglobulin G (IgG) antibody is a soluble glycoprotein secreted by B cells and
plasma cells and represents a major component of the humoral immunitys )& most
abundant immunoglobulin isotype in the human serum and comprises about 75% of the total
serum immunoglobulin& All of the currently marketed tmapeutic monoclonal antibodies are
of IgG isotype IgG is a Y- shaped multifunctional glycoprotein th& made up of four
polypeptide chainstwo identical heavy chains and two identical light chains, to form three
structurally independent protein moieti€two Fab regions and one Fc region) connected
through a flexible hinge region (Figure *P)*” The heavy chain consists of one variable domain
(V) followed by a constant domain {©), a hinge region amino acid sequence, and two more
constant domains (2 and G;3); while the light chain consists of one variable)domainand
one constant (G domain The antigefbinding fragments (Fab) define tlamtibodyspecificity
against certain antigens by adapting a specific amino acid sequence within their complementary
determining regions (CDR). The fragment crystallizable (Fc) of the antibody is responsible of
mediating the antibody effector functions aadtibody recycling through specific set of-Fc

receptors and Fhinding proteing®*°

IgG isotype contains a well conservedgiycan at Asn297 (Eu numbering) in thgZC
domain of the Fc region which is critical for the structure and function of the antibody. In
addition to the Asn297 glycan, about 20% of the human Ig& gantains Nlinked glycans in
the Fab regioA®?! Also, certain IgG3 and 1gG2 allotypesntain an extra Minked glycan at
Asn32 in the G43 domain of the Fc region. The structure of Asn297 glycan is variable but in

general it can be divided in to three major types: high mannose, hybrid and corjphoedN



glycans (Figure 23> All of these types share the same peattaharide core structure however

they vary in the number and type of sugar units at thekraedacing termini.

v heavy chain
light chain
Fab cor
(Antigen binding) —-//-"
Fcy receptors
Clq protein
€2 |
P Asn297 gl FeRn ;
(Biological activity)| ™" glycan Protein A
c3 _| Protein G
H

Figure 1. Diagrammatiaepresentation ammunoglobulin G (IgG) molecule.

In high mannose Njlycans, the nomeducing termini are composed of only mannose
sugar residues. In hybrid type-dlycans, some of the naeducing termini are composed of
mannose while other termini are composed of GlcNyatactose, or sialic acid. In complex type
N-glycans, none of nereducing termini are composed of mann@s&sn297 glycan is mostly
of bi-antennary complex type which may or may not contain bisgdSIcNAc and or core

fucose?®?3

Being an Nliked glycan, the Asn297 glycan biosynthesis follows the same biosynthetic

pathway of mammalian {dlycosylation (Figure 3}*?° This biosynthetic pathway isomposed

5



of many steps that can occur in different compartments of the cell. Protgiycdsylation
begins byen bloc transfer of the glycan precursor GlelangGIcNAc, from dolicholp-p-
GlcsMangGIcNAC, to Asn residue of the Jdlycosylation sequor(NXT/S) of the nascent

polypeptide chain.

......................................

EHigh Mannose

Pentasaccharide core

A Core Fucose

B N-Acetylglucoseamine
@® Mannose
Galatose

Sialic acid

Figure 2. Major types and structure of-lhked glycans.

The transfer takes place inside the lumen of the endoplasmic reticulum and catalyzed by
the enzyme oligosaccharyltransferd®ST). The three glucose units of eltanyGICNAC, were
t hen c | e agluedaidases fo fodmya high mannose glyWeEmyGIcNAC, (Mang) and the
protein is properly folded at this stage. The Man9 glycoprotein is then translocated to the Golgi
apparatugor more processing of the oligosaccharide. The Golgi apparatus contains different
glycosidases and glycosyltransferases localized at different compartments within its lumen. In

the CisGol gi , mannosi das elokedhnyadnosed of she ManQypha to U1, 2



producea MansGIcNAc, (Man5) glycan. In the mediaGolgi, N-acetylglucosaminyltransferase
(GnT-1) transfers GICNAc from the activated nucleotide sugar WEENAC to the Man5 glycan

to form the hybrid glycarGicNAcManGIcNAc,. UDP-GIcNAc and othemactivated nucleotide
sugars are pumped into the Golgi lumen via the assistance of-liaeigd nucleotide sugar
transporter proteinsThe hybrid glycan then becomes a substrate for mannosidase Il which
hydrolyzes two more mannose residues to prepare thegcargl for N
acetylglucosaminyltransferase (GnT-Il) reaction and form the complex glycan

GIcNAc,MansGIcNAC,.



ER

Cis

Golgi - medial
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Figure 3. Schematic overview of the mammaliangNcosylation pathway taking place the
endoplasmic reticulum (ER) and the Godgiparatus. 1) Oligosaccharyltransferase (OST). 2, 3)
Ug!l ucosi da-masosidases. 5)-Bcktylfucosaminyltransferasd¢GnT-I) plus UDR
GIcNAc. 6) Mannosidase Il. 7) fdcetylglucosaminyltransferase(GnT-II) plus UDRGICNAc
and -fucbsylBanferase (FUT8)plus GDRfucose 8) Galactosyltransferaseplus UDP

galactose9) Sialyltransferaseplus CMPsialic acid.



Monoclonal antibodies modes of action

There are several modes by which IgG antibody and hence therapéliican exert
their theraputic effects especiallyitreatment of cancers (Figurg® ?® Some of these modes
of action rely on the binding of the Fc part of the antibody engaged in the immune complex
(antibodya nt i gen compl ex) with the compl ement sy
Interestingly, antibody bindingo this protein and these receptors is highly affected by the
glycosylation profile of the Asn297 glycah?**° Other modes rely on just binding of the
antibody through its Fab region to either a receptor or a ligand and hence block the +eceptor
ligand interaction and prevent subsequent biological effdlsb, antibodies can be used as
carriers to deliver cytotoxic payloads to certain cells to obtain certain pharmacological effects,
such as in antibody drug conjugates (AdpGvhich are used mainly to treat carser
Combination of modes of action can also happen after binding of the antibody to its target and

below is a description of each mode
Antibody effectofunctions

Many antibody effector functi omgmandFrceo med i
receptors represent an important class of closely related receptors that cdawrberaigG
isotype through the Fc regidf®' These receptors are widely distributed on the surface of
different immune cells and clusieg of these receptors on the surface of the immune cell can
either activate the cell such as in the case
or i nhi bit the cell such as in the case of

contain an immunorecepttyrosinebased activation motif (ITAM) in their intracellular domains



or their adaptor protein, while the i1 nhibito

tyrosinebased inhibitory motif (ITIM)%33

ciq complement\\
y cascade
Wi I

effector cell effector cell

Fc receptor

Fc receptor

Target cell

%r;a @
Ilgand recepto

Figure 4. Therapeutic monoclonal antibodies possible modes of aetjgkctivation of antibody
dependent cellular cytotoxicity (ADCC). b) Activation of complement dependent cytotoxicity
(CDC). c) Activation of antibodylependent celnediatedphagocytosis (ADCP). d) Antibody
drug conjugates (ADC) mediated cytotoxicity. Blocking receptoftigand interactions and
inhibiting signal transduction and subsequent biological processes.
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Among this cl ass of receptor s, FcoRIlla has
monoclonal antibodies with enhanced cytotoxic effectoFR1 I | a 1 s expressed
monocytes, dendritic cellsnacrophagesand nat ur al kil | elgthe(steK) cel
receptor expressed on the surface of natural killer (NK);delsever recent studies showed that

about 20% of the populatin e x pr e s s e s .3 Elasterihgof Fec oaRsl Iweal lon t he
of NK cells induces a powerful cytotoxic effect called antibdépenlent cellular cytotoxicity
(ADCC).**#" During ADCC, the NK cell releases cytokines that mediate the lysis of the target

cells that are brought to its proximity through the binding with IgG. There have been many
anti body engineering approaches to andhhence ase t
the induction of more powerful ADCC. Some approaches involved changing of the antibody
amino acid sequence while others involved glycoengineering of the Asn297 glycan, as it will be
discussed later in this chapf@®Al so, FcoRIlI Il la has a polymorph
results in two reddé&pBorand<dibR thaRthrg diflerent o fheid | a
binding dfinity to IgG subclasss The valine variant of the receptor has a stronger binding
affinity to IgG than the phenylalanine variant. This functional polymorphism has also been
shown to affect the therapeutic efficacy of therapeutRbngsuch as rituximabin different

patients where patients who were homozygous for the valine variant of the receptor showed a
higher therapeutic respon&&'! The other receptor that plays an important role in antibody
effector functions is FcoRI I a. This receptor
and can mediate a phagocytic effect called antibdeyendent celnediated phagocytosis

(ADCP) through which the antibodyound antigen is engulfed and destroyed by the phagocytic

cell 3>*2%3This receptor also dbitst wo v ar i a-Ritl 81 & o-REE which haze

different affinities tohumanlgG2 subclass, as discussed in next section.
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Antibody can also activate the complement system through the classical pathway of
activation of this system and results in mediating complement dependent cytotoxicity
(CDC)®?83%The complement system is part of the innate immune system which complements
the ability of the antibodies and phagocytic cells to clear pathogens from the human body. In this
mode of action, the antibodgngaged in the immune complex binds the soluble component of
the complement system, C1q protein. This binding induces conformational changes within the
protein which lead to a cascade of proteolytic reactions and activation of other complement
componentsigch as the C4a that acts as an anaphylotoxin and activate the inflammatory cells.
Also, activation of the complement system will eventually result in the formation of the
complement membrane attack complex (MAC) which can insert itself in the membraree of t
target cell and form a porous channel and induces cell lysis and death. Although the complement
system plays an important role in protecting the body from foneaghogensits activation can
also result in observed side effects of antibody therapedfiein addition, the role of CDC in
the clinical effectiveness of sonamticance mAb, like rituximab, is not well confirmed, and it
has been shown that there is no clear correlation between the therapeutic response of this mAb

(rituximab) and its ability to induce CDE.
Antibody blocking activities

Antibodies can also intercept a recegdtgand interaction and block grundesirable
biological effecs that can result from this interactiéh?’ The antibody can be designed to bind
the receptor on the surface of the cell and block the ligand binding site. Also, the anahdaky
designed to bind a receptor at different site than the ligand binding site; however upon, binding
the antibody will induce conformational chasgde the receptor to prevent its interaction with

the ligand. The antibody can also be designed to ptelie receptor dimerization by binding to
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the dimerization domain of the receptor such as in case of antibody designed to block ligand
binding to epidermal growth factor (EGF) receptol’ Alternatively, the antibody can be
designed to bind the ligarn(thstead of the receptognd sterically prevent it from binding to its
receptor and thus block the signal. Interceptangeceptotligand interaction can be well
explained in the context of designing checkpoint blockade antib@tlém checkpoint blockade
antibodiesalso called immune checkpoint inhibitoesea class omAb designed to treat cancer
utilizing a novel mechanism of action by targeting activation of the immune effector cells. These
mADb are designed to block certain receptors on the surfacecefl§ such as programmed cell

death protein (PEL) and cytotoxic lymphocytes antigen 4 (CTLA). Binding of the natural
ligands to these receptors causes inactivation of tbell, an immune regulatory mechanism
that prevents the destruction of saiftigen ad developing of autoimmune diseases. However,
the cancer cells can use this mechanism to evade the immune system by overexpressing these
ligands and thus shutting down thec@lls. Therefore, an immune checkpoint inhibitoAb can
reverse this inhibitoraction and restore the activity ofCElls. Some antibodies were designed

to bind PD1 receptor such as pembrolizumab for the treatment of melafidbiber antibodies

were designed to block CTLA receptor such as ipilimumalwhich is also used for the
treatment of melanomammune checkpoint inhibitamAb were also designed to bind to AD

ligand (PDL1), which can be overexpressed on the surface of the tumor cell, such as the
antibody atezolizuma which is now in clinical trials for the treatment of several solid

tumors*>0

Antibody drug conjugates

Antibodies can bealso used as carriers inhé design of antibody drug conjugates

(ADCs).>?" In ADC, the main mode of killing is attributed to the toxic payload attached to the
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mAb component of the ADC. In general, ADC combines the cytotoxic effect of the toxic
payload with the specificity of the mAb to targettaer tumor cells. Also, the mAb part of the
ADC reduces the clearance of the conjugate through the interaction of the Fc region with the
neonatal Fc receptor (FCRn), which is an essential receptor playing a critical rokhurtheg

the antibody backot the extracellular fluids and prevent its lysosomal degradation inside the
cell>* When designing ADC, the mAb component is designed to target antigen with certain
criteria®**3 Target antigen should have high levels of expression on the surface of the tumor cell
and should also undgo rapid and efficient internalization upon binding with the ADC to deliver
sufficient amount of the toxic payload to the inside of the tumor cell. The payload should be a
highly toxic drugthat can result in death of the tumor cell upon delivery by ADGere are
several toxic drugs that can be used in making ABU€h as monomethyl auristatin E (MMAE),
which inhibit the polymerization of tubulin; maytansines, which inhibits the assembly of
microtubules; calicheamicin which cleaves the DNA strands; arrdlppenzodiazepines, which

are DNA minor groove crosinkers>® All of these drugs can inhibit the tumor cell proliferation
and result in programmed cell death. Mos$tthesedrugsare hydrophobic in nature and this
hydrophobicity could help the drug in escaping the lysosomal degradation upon internalization of
the ADC and allow it (the drug) to diffuse out to the site of actfoRhDCs should be designed
carefully to prevent any deterioration in the mAb selectivity, internalization efficiency,
pharmacokinetics, and physicochemical properties upon conjugation of the payfbate

right conjugation site and right drug to antibody ratio (DAR) coupled thighright conjugation
chemistry and linker technology should minimize any negative effect on the ADC properties and

deliver sufficient payload to cause efficient tumor cell killing with minimum side effécts®

14



Human IgG subclasses and the design di¢rapeutic monoclonal antibodies

Human IgG isotype is a major immunoglobulin isotype present in the serum and
constitutes about 1P0% of the total serum protein. This immunoglobulin isotype comprises
four subclasses, 1gG1, 1gG2, IgG3, and Ig&%*°These IgG subclasses have differentram
acid sequence within the constant region of their heavy chains. Although, these subclasses share
about 90% amino acid sequence homology, the minor difference in their structure gives each
subclass unique features that can be significantly different fh@ other (Tablé). Most of the
amino acid sequence difference lies in the hinge region and the upeddihain of the
antibody, although there are minor differences in other regions. The difference in the properties
of 1gG subclass has been taken iotmsideration in designing therapeutic mAb to obtain better

outcomes>®°

lgG1 is the most abundant subclass and countaldout 67% of the total serum IgG
pool **>*°This subclass plays an important role in the humoral immumigest is the major 1gG
subclass and usually produced in response to soluble protein and membrane protein antigens.
Most of therapeutic mAb, especially antitumor mAb, are of IgG1 subclass because this subclass
is a strong activator of the ADCC and CDC. Tielogical halflife of 1IgG1 (as well as 1gG2
and 1gG4) is approximately 21 days and such long-IHalfis advantageous when designing

mADb intended to treat chronic diseases such as cancer and autoimmune 8iseases.

The second most abundant IgG in human serum is IgG2 which constitutes about 22% of
the total serum IgG pool. Human body usually develops 1gG2 antibody responsethghen
immune system recognizes antigens of carbohydraimposition especially bacterial

polysaccharide antiger3® IgG2 has four disulfide bonds in the hinge region while IgG1 has
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only two. Recently, IgG2 disulfide bonds have been shown to undergo rearranfiidst.a

result of this disulfide bonds rearrangement, IgG can exist in three different isoforms. It is

believed that this flexibility in the hinge disulfide bonds could also give IgG2 the ability to exist

in dimers with a possible increase in the antibody avidity against pathSg&nishown in Table

| g G2

bi

nds

we a k|

y

to

mo s t

of

Fco

recept

polymorphism at amino acid number 131 to result in two receptor varfmsiaRH131 and

Fc o RR131a

Table I. Properties bthe four human IgG subclassgs”**®

lgG1 1gG2 19gG3 1gG4
Serum % 67 22 7 4
Serum concentration (mg/ml| 8 2.5 0.8 0.4
Size (kDa) 146 146 170 146
No. of hinge disulfide bonds 2 4 11 2
Half-life (days) 21 21 7 21
No. of allotypes 4 2 13 1
C1q binding ++ + +++ -
FcoRI binding +++ - ++++ ++
Fco RH131la +++ ++ +++++ ++
Fc 2 RR131a +++ + +++++ ++
FcoRVIES a +++ + +++++ ++
Fc o RF1B8 a ++ - +++++ -
FcoRI I Db + - ++ +

Interestingly, human 1IgG2 subclass has different affinities to these two receptor variants where it

hasahi gher

affini-Hg3 % ovartihan tF cRURE® ahishrecepterc o R1 | a

polymorphism has also been shown to dssociatedvith some infectious and autoimmune
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diseases such as systemic lupus erythemat@dsgiser incidence in R131 variant expressing
individuals) ulcerative colitis(higher incidence in H131 variant expressing individyads)d
malaria(higher incidence in H131 variant expressing individu#l$} The susceptibility to these
diseases cdd suggest a possible role for 1IgG2 subclass in the pathogenesis of these diseases.
IgG2 is also known to have a weak binding affinity to C1qg protein and thus a low ability to fix

the complement system and induce CDC. The low effector functions of IgGRssilhas been

utilized in designing therapeutic mAb where only an antibody blocking effect is required for the
mAb mechanism of actiodowever, the | ow affinity of 1gG2
may counteract its low affinity to the activatifgc o r ecept or s when both r e
on the same immune effector cell. Nonetheless, there are séy@&based mAbthat are

currently in the market such as denosumab and panitumumab which are used for treating

osteoporosis and colorectal cangespectively?

IgG3 subclass of human IgG isotype constitutes about 7% of the total serum IgG pool
and characterized by a very long hinge region which conééven disulfide bonds (Tablgf
In general 1gG3 immune response is mediated during viral infections and it is usually
accompanied by IgGl response evdrough IgG3 appears first in the course of the
infection!®®*°|gG3 is characterized by having a shorter biological-kfalf(about 7 days)
compared to the other IgG subclasgksG1, 1gG2, and IgG4which have relatively long
biological halflives (about 21 daysY.Also, IgG3 has the largest number of allotypes among the
other 1gG subclassé&>°"®Most of IgG3 varians haveN-glycosylation site in the Fc region at
Asn392 in addition to the well conservedgNcosylation at Asn297. IgG3 subclass has a strong
ability to activate the complement system and it also has a strong ADCC activity which can be

useful in designig therapeutic mAb with enhanced cytotoxicity for cancer treatment. However,
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this subclass has not been utilized yet to make therapeutic mAb probably because of its relatively

short biological haHife and its long hinge region which makes it more pronertteolysis>®

IgG4 is the least abundant IgG subclass in human serum and constitutes only about 4% of
the total serum IgG pod?:’’ The immune system produces IgG4, in addition to IgG1 and IgE, in
response to allergens, especially after a repeated or a long term exposure. Also, IgG4 represent
the dominant immune response to therapauriteins such as factor VIl and factor tXLike,

IgG1, IgG4 has only two disulfide bonds in the hinge region. However, 1gG4 wede
phenomenon called Fab arm exchange where the antibody can dissociate into-maldwalfes

under certain redox conditioh§’® Then, halfmolecules from IgG4 having different specificities

can recombine to result in the formation abispecific IgG4 molecule. The susceptibility of

IgG4 to this phenomenon has been shown to be due farésence oferine at positionZB in

the hinge region instead of prolinetime other subclasse$his mutation makes the hinge more
flexible and allows easier disulfide bonds rearrangement within the hinge region. The presence
of arginine at position 409 in IgG4, instead of lysinegG1, weakens the 3-Cy3 hydrophobic
interaction and also allows the molecule to undergo Fab arm exchange. 1gG4 is the weakest
activator of the complement system and also it has weakiafii es t o Fc2). recep"
Hence, 1gG4 has low Fmediated dkctor functions. Likewise IgG2, 1IgG4 has been utilized in
making therapeutic mAb when the effector functions are not part of the mAb mode of&€tion.
Howe\er, in one trial IgG4bhased antCD28 monoclonal antibody (TGN1412) caused a serious
adverse effect where six patients developed cytokines storm during clinical trials iff 20Q6s

been believed that the susceptibility of IgG4 to Fab arm exchange was behind the development
of this adverse effect. Recent IgBdsedmAb were engineered to have S228P mutation to

eliminate the possibility of any Fab arm exchange and such therapeutibamélbeen marketed

18



successfully for treatment of a variety of diseases such as pembrolizumab, an immune
checkpoint inhibitor used fortreatment of melanoma and nemall cell lung cancer

(NSCLC)®82
Importance of Asn297 glycan for therapeutic monodnal antibodies

Asn297 plays an important role in stabilizing the antibody peptide backbone by making a
series of unique interactions with the amino acids in th2 @omain of the antibody. The
hydrophilic nature of this glycan also helps in maskinghydrophobic amino acid residues in
this domain and maintaining proper native 1gG conformatidfi®* Removal of the Asn297
glycan reduces the thermal stability of IgG1 and increases the aggregation propensity in many
occasion$>?’ It has also been shown that Asn297 glycan increases the solubility of IgG1 where
deletion of the As297 glycosylation site by sH#irected mutagenesireduces the solubility of
the nonglycosylated IgG1 Fc compared to theturallgG1 Fc that is glycosylated at Asn2%7.
However, the solubility of the antibody may not always increase by having extra glycans and a
reverse effect (i.e. reduced solubility) may also occur. The latter scenario can be seen in
cryoimmunoglobulins where ¢hdecreased solubility of these immunoglobulins was shown to be

associated with the antibody having extrgljcans at certain sites in the Fab redion.

The antibody effector functions are highly dependent on the Asn297 glycan and removal
of this glycan results in a dramatic uetion ofin theseeffector functions such agduction in
antibody dependent cellular cytotoxicity (ADCC), antibody dependent cellular phagocytosis
(ADCP), and complement dependent cytotoxicity (CBRE] The reason behind this reduction is
that Asn297 is required to maintain a specific protein conformation in gedGmain. The

upper G2 domain and the lower hinge of the antibody #re regions where the antibody binds
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to the receptors and proteins that mediate these effector functions. The composition of the
Asn297 glycan also plays an important part in fimeing these effector functions. It has been
shown that the absence ofeor f ucose i ncreases the binding to
in 1gG1-mediated ADCC by 5000 folds?®®* The reason for this reduced affinity has been
shown to be due to cofimked fucose intaupting glycanglycan interactions that are present
between notfucosylated IgG1l and the-hked glycans ofAsn162 on FgRllla. This finding

has sparked a tremendous interest in modifying the Asn297 glycan of IgG1 for designing better
therapeutic mAB? The presence of bisecting GIcNAc within the structure of Asn297 glycan has
also been shown to increase ADGwever this effect is most probably related to the absence

of core fucose silc bi secting Gl c NAc hi nder s t he add
fucosyltransferase (FUT8).The effect of galactose on the antibody effector functions is still not
completely understood. The presence of terminal galactose in the structure of Abn29v
increases thendibody binding to C1q protein and activation of the complement system through
the classical pathway to result in higher CB¥Galactoseénas also beeshown to be implicated

with some autoimmune diseases where the level of Asn297 glycan galactosylation is reduced in
these diseases suel rheumatoid arthritis (RA). Interestingly, women who have RA show an
increase in the level of galactosylation when they become pregnant and go through a period of
remission of RA symptom¥. Terminal sialic acid habeenshown to make the antibody have
antrinflammatory effectHowever, he antiinflammatory effect of the sialylated IgG is not fully
understood®*>°’Many studies have been carried out with an attempt to correlate this effect with
the anti body Dbtora asiwellgas some ofher yecepter< seigh as Dendritic Cell

Specific Intercellular adhesion molectBeGrabbing Norintegrin (DGSIGN). However, the
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outcomes of these studies were conflicting and therefone studiesare needetb understand

the role ofsialic acid on IgG propertie€.*

The composition of the Asn297 glycan plays an important role in the antibody
pharmacokineticé® In general, IgG has a long biological hifé of about21 days and this long
half-life of this glycoprotein is attributed to the FcRerycling mechanism of Ig&. In this
recycling mechanism the FcReceptor binds tightly to the antibody at thg2€C,,3 domains
interface at low pH that is characteristic of the lysosome environment and prevents the release of
the antibody for lysosomal degradation. At the same time the receptor shuttles the antibedy to
surface of the cell and releases it at the neutral extracellular environment where the affinity of
binding is low. Added to that, the big size of the IgG (about 150 kDa) reduces the glomerular
filtration and clearance of the antibody by the kidnepdthough the Asn297 glycan does not
affect the binding of IgG to FcRn and hence does not play a role in therEciiing
mechanism the type of the Asn297 glycan has been shown to affect the pharmacokinetics of IgG
through other mechanism¥he high mannose glycoforms are cleared more rapidly from the
blood due to increased binding to mannose receptors and uptake by cellgptieat ¢éhese
receptors® Sialylated glycoforms have decreased clearanceangkt biological haffives due
to their lower affinity to the asialoglycoprotein receptors present on the surface of the

hepatocyte§®101102

Recently, two therapeutimAb were developed through glycoengineering of the An297
glycan of IgG1 and these mAb are mogamulizutffaland obinutuzumaf* which were
approved in 2012 and 2013, respectively. The first mAb was exprésse FUT8 knockout
strain of Chinese hamster ovary (CHO) cells to block the addition of core fucose by FUT8 to the

Asn297 glycan of l gG1 and hence increase t
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functions such as ADCC. The second mAb, obinutuzyneas expressed in a cell line
overexpressing the bisecting GIcCNAc to again prevent the addition of core fucose to the Asn297
glycan by FUT8. In addition to these two technologies, many other approaches have been
developed to reduce the amount of corefgcon the Asn297 glynaof IgGsuch as feeding the

host cells withthe fucose analogye2-Deoxy-2-fluoro-L-fucose to inhibit FUT8° Other
approaches relied on the expression of the antibody in FUT8 null expression hosts such as the
yeast Pichia pastoris'® Finally, glycoengineering represent alegant approach to produce
better therapeutic antibodies and the more understanding of the role of each glycoform on the
antibody stability, function, immunogenicity, and pharmacokinetics, the faster the development

of next generation therapeutic mAb.
Conclusions

Glycosylation of therapeutic mAb represent a unique posttranslational modification that
has a high degree of heterogeneity as glycosylation is not a terdplae process*? The
heterogeneity of this glycan is represented by the formation of differentngtypa&s (high
mannose, hybrid, and complex), presence or absence of core fucose, galactose, sialic acid, and
bisecting GIcNAc, as well as glycosylation site occupdiéyThe resulting hetegeneity of
Asn297 glycan of human IgG isotype, especially IgG1l subclass, has been shown to have a
significant effect on the antibody properties including staBfity/, solubility®®, effector

§0108199  sharmacokineti®d, and immuogenicity®>. Therefore, monitoring the

function
composition of thigglycan is critical to ensure that mAb has a consistent glycosylation profile
among the different production batches. At the same time, glycoengineering the mAb to have
enriched Asn297 glycan of certain composition provides a big chance to produce therapeut

mAb with better outcome¥>11°

22



Chapter 2 aims: To develop a platform for the synthesis laimogeneousnd weltdefined
IgG2 Fc glycoforms o a relatively large laboratotscale using a combination of glycosylation
deficient host, purification methods, amdvitro enzymatic synthesis. The produced IgG2 Fc
glycoforms were tdoe studied for the effect of the structureAsn297 glycan, especially the
effect of core fucose, oflgG2 properties to ultimately create better Igkeksed therapeutic

modalities.

Chapter 3 aims: To modify the Asn297 glycan of IgG2 beyond the natural sagarposition
and introduce a modified sugar with a bioorthogonal handle to allow a uniquspadic
conjugation through Asn297 glycan. The functionalized IgG2 Fc having aspstafic
biorthogonal handle was to be conjugated with three alljE@ linkers having different
physicochemical properties and studies of the resulting conjugates, head,ttohdz effect of

thesdinkerson IgG2 Fc properties.

Chapter 4 aim: This final chapter summarizes the statement of the problem, the conclusions

drawnbased on the current woras well as future directions.
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Chapter 2

Production of IgG2 Fc with cofinked fucose and studies of its effects on

stability, receptor binding and FUT8 glycosylation site kinetics
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Introduction

The immunoglobulin G (IgG) class of antibody is the prevalent immunoglobulin (1g)
isotype in blood and is responsible for a wide ranggysfemic immune responses. In humans,
the IgG isotype is made up of four subclasses, IgG1, IgG2, IgG3, and IgG4, which are numbered
to reflect decreasing amounts in serum, such that IgG1 is present in the highest concentration and
lgG4 the least® The four human IgG subclasses are highly homologous, but differemtes
heavy chain sequences of their constant and hinge regions result in a range of effector functions
that can adapt antiboejependent immune responses to different pathogens. Human IgG2 is the
second most abundant IgG in serum and has been folmadealistinct properties from the more
studied IgG1 subclass. In general, IgG2 has the weakest interaction of the subclasseg with Fc
receptors that direct cellular immune responses, and it has the second weakest ability to activate
complement for complemédependent cytotoxicity. Even though 1gG2 is thought to have weak
effector functions, 1gG2 antibodies are associated with immune responses to bacterial
polysaccharide antigens, and deficiencies of the 1gG2 subclass have been associated with
susceptibiliy to bacterial infectiond® Like 1gG1, 1gG2 is glycosylated omMsn297 (Eu

numbering)*"®

in the Fc region G2 domain and this Mnked glycosylation is important for
antibody stability and essential to most immune responses directed by IgG2 antigen %ihding.
Because of IgG2's properties, it is an attractive subclass for the development of monoclonal
antibody therapgtics where blocking of targets by binding but weaker effector functions are

desired. There are currently only two human Igd2ed monoclonal antibodies (mAb) in use

clinically, panitumumab and denosuma?

Corelinked fucosylation of Ninked glycans in the IgG class of antibodies has been
shown to act as modulator of IgG effector functiorf§.Fucosylation has been linked to weake
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interactions of the IgG class of antibodies withy Feceptor llla (FgRIlla), which is a receptor
involved in directing antibody dependent cellular cytotoxicity (ADCC) of many immune cells
and the only Fgreceptor found on most human natural killer cells (NK céfig)he effects of
corelinked fucosylation on interactns with FoRIllla have been best studied in the 1gG1l
subclass, where the presence of fucose has been shown to reduce IgG1 affinigir fiva by

up to 50fold**?*® and thereby decase ADCC activity of FgRllla expressing immune cells.
The reason for this reduced affinity has been shown to be due tbnt@e fucose interrupting
glycanglycan interactions that are present between-fooosylated IgG1l and the -hked
glycans ofAsn162 on FgRllla.*®® Since the absence of cedieked fucosylation on IgG1
significantly increases ADCC, there has been much effort to develop methods to produce non
fucosylated antibodies with increased ADCC activity foe ws therapeutics where strong
effector functions are desiré§The addition of cordinked fucose to Nylycans is mediated by a
single enzymea-1,6-fucosyltransfurase 8 (FT8) in mammal$*#* The production of antibodies

in cell lines with FUT8 deleted will result in ndacosylated antibodies with increased ability to

direct ADCC, and such cell lines have been utilized to produce therapeuti€®mAb.

Since the use of the IgG2 subclass as a therapeutic curfetiises largely on IgG2's
reduced ability to direct effector functions, we were interested in studying the effect of the
presence of corucosylation on IgG2 rather than its absence. These studies were hampered to
some extent by the necessity of prodigcfully fucosylated 1IgG2 Fc and by the presence of
glycoprotein microheterogeneity in glycoproteins produced in common cell *fiAgs.
Glycoprotein microheterogenejtguch as incomplete core fucosylation, presents a substantial
barrier to the study of the function of protein glycosylation. Assays of glycoform mixtures in
glycoprotein studies can result in unclear results due to the fact that each component of the
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mixture can respond differently. This problem can be exacerbated when the presence of a
contaminating glycoform, such as a Aoigosylated IgG, gives a stronger signal in an assay such

as receptor binding than the fucosylated glycoform under $fufiy®*°For this reason, it is
desirable to conduct experiments on samples as cloBentmgeneouss can be practically
achieved. Thus to wtly the effects of core fucosylation on IgG2 Fc we developed methods to
producehomogeneouslgorefucosylated 1IgG2 Fc on relatively large laboratscgle as part of

a larger project to produce a wide range haimogeneouslyglycosylated glycoproteins to

facilitate glycobiology studies.

N-linked glycoprotein biosynthesis can result in the formation of a large number of
possible high mannose, hybrid and complex glycoforms due to branching pathways, competing
reactions and incomplete processing. Nonethelassy glycoproteins contain only a specific
subset of the possible-§lycan structures after processfidzor instance, IgG glycosylation at
Asn297 is largely of the comek, biantennary type with varying amounts of efueose,
galactose, and sialic acid depending on expression host and culture corititfdnsaddition,
glycoproteins with multiple glycosylation sites often have distinct types of glycosylation at their
different sites, indicating these differences are not due to simple compartmentalization of
glycosidases and glycosyltransferases in the Gqgaratus. An example of this is glycosylation
of two sites on IgD, where it has been reported thaAgr@45 glycosylation site is about 40%
fucosylated while thésn496 site is not fucosylated.Such specific glycan repertoires could be
due to local protein structure or dynamics, accessory protein interactions, or a variety of other

factors.

The strategy that was utilized to produce IgG2 Fc with and without-licde

fucosylation forcomparative studies was to utilize glycosylataeficient yeast which lack the
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ability to add cordinked fucose to produce high mannose 1gG2 Fc, and thennusdro
enzymatic synthesis to convert the initial high mannose glycoform hotoogeneousigh
mannose, hybrid and celeked fucosylated hybrid (Fuc(+) hybrid) 1I9gG2 Fc. This allowed the
production of hybrid and Fuc(4)ybrid glycoforms that differ only in the presence or absence of
corelinked fucose for comparative studies. During this process,developed methods to
produce the FUT8 enzyme k@ coli and utilized it to produce fucosylated glycoproteins. This
enabled studies of the effects of cweosylation on IgG2 Fc stability and receptor binding by a
comparison of the behavior of tH®mogeneoushybrid and Fuc(+) hybrid glycoforms. In
addition, during the course of developiimgvitro enzymatic methods to produce cdirked
fucosylated 19G2 Fc, we noticed differences in the rates that FUT8 accepted free glycans versus
proteinbound glyans. Due to the relatively largeale production of theomogeneoulgG2 Fc
glycoforms described here we were able to further investigate these results with kinetic studies.
The glycosylation site preferences of FUT8 for two different 1gG2 Fc glycasylaite variants

were studied and compared to the kinetics of fucose transfer to the free glycan. These studies
show that FUTS8 has significant substrate specificity for different glycosylation sites on the same
protein and these preferences appear tochesed by differences in glycosylation site

accessibility.
Results
Production and characterization of IgG2 Fc glycosylation site variants

The consensus sequence for human IgG2 heavy chain contains a single conserved N
linked glycosylation site aAsn297 in the G2 domain (Eu numberind)”® The human IgG2

heavy chain cDNA used as a template for the subcloning of 19G2 thesiwork, MGG71314
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obtained from the mammalian gene collectforcontains an unusual polymorphism which
results in an additional HNnked glycosylation site aAsn392 in the G3 domain. Because of

this, sitedirected mutagenesis was utilized to convert As392 residue from the cDNA
template to dys392 residue to match the human IgG2 Fc consensus seduenaddition, to

better study the effect of different types of glycosylation sites on FUT8 kinetics, a second
mutation was produced in which thsn297 glycosylation site was removed by mutating it to a
glutamine (Q29Y. The result of the subcloning and mutagenesis described here is three
glycosylation variants of IgG2 Fc, one which matches the human IgG2 Fc consensus sequence
with a single glycosylation site &tsn297 (N297, K392), one with a single glycosylation site
N392 (Q297, N392), and one derived from the original cDNA with twiinkkéd glycosylation

sites (N297, N392), as illustrated in Figure 1. Hereafter the 1gG2 Fc glycosylation variant which
matches the consensus sequence (N297, K392) will be referredgG2 Fc, and the other two
glycosylation variants will be referred to as IgG2(B297, N392) and 1gG2 HiN297, N392)

to distinguish them from the IgG2 Fc consensus sequence.
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IgG2 Fc-(Q297, N392)

Figure 1.1gG2 Fc glycosylation site variants utilized inghstudy a) 1I9gG2 Fe(N297, N392); a

naturally occurring but uncommon IgG2 glycosylation variant having an additional glycosylation

site at residue 392 in addition to the well consemsd297 glycosylation site, b) 1gG2 Fc

(N297, K392); the widely accemtdgG2 Fc consensus sequence having a single conserved N

glycosylation site at residue 297 in thg2domain and a lysine (K) residue at position 392, c)
IgG2 Fe(Q297, N392); an 1gG2 Fc mutant designed to have -@hybbsylation site at residue

392 in theCy3 domain but without the conservedgicosylation site at residue 297, for

subsequent use in the enzyme kinetic studies of this chapter



lgG2 Fc was expressed in an OCHL1 deleted strain of SMDRibsi8a pastorisproduced
previously in our laboratory’. In this study, three-T BioFlo 415 fermentations were conducted
to produce approximately 1 g of IgGZ KTable I). The majority of this IgG2 Fc was
diglycosylated. However, a minor fraction of hemiglycosylated Fc (one chain of the Fc dimer is
glycosylated while the other chain is nglycosylated) was present contaminating the
diglycosylated Fc due to inomplete Nglycosylation site occupancy (Appendix: Figure Al lane
2 and Figure A2 panel Af* The diglycosylated 1gG2 Fc was separated from the
hemiglycosylated Fc using hydrophobic interaction chromatography (HIC). After HIC, 395 mg
of the purified diglycosylated IgG2 Fc w@roduced consisting of glycoforms containing mainly
high mannose glycans with a small fraction of mannose phosphorylated giiqamesent as
shown in Figure A2 (panel B)f the apendix We were able, however, to remove the mannose
phosphorylated fractions by using weak cation exchange (WCX) chromatography to produce 185
mg of purely high mannose IgG2 Fc containing mainly MdoNAc, and MagGIcNAc; high
mannose glycoforms (AppendiFigure A2, panel E). Presumably mannose phosphorylation
adds additional negative charges to the glycoprotein (IgG2 Fc) and results in the reduction of the
overall positive charge of the protein. Therefore, the phosphorylated fractions elute earlier from
the WCX column than the ngpvhosphorylated fractions, which are more positively charged.
Moreover, removal of the phosphorylation heterogeneity in this way allows subsequent complete
digestion of the initial high mannose glycoforms thanogeneouMan5 glycoform which can

then be used as a starting material in the synthesis of hybrid and Fuc(+) hybrid glycoforms.

Production of s o Hucdsyltensierasm@ET8)iinaEncoliU 1, 6
FUT8, as a mammalian enzyme having four disulfide bonds, presenesnéigdqtroblem

for expression in the generally reducing environment of the bacterial cytoplasm. Due to the
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number of disulfide bonds in FUT8, we decided to useEaicoli strain capable of forming
disulfide bonds in the cytoplasm during protein expressi®ecently, anE. coli protein
expression strain named SHuffle has beegireeered® This strain has diminished cytoplasmic
reductive pathways and contains a cytoplasmic DsbC (an-oedictase chaperon) to facilitate
the formation of correctiyolded, disulfidebonded heterologous proteins with a high yield in the
bacterial cytoplasm. An IPTG inducible plasmid construct was produced here to express the
soluble domain of FUTS in thisalsterial strain. Transforming this strain directly with the FUT8
expression construct resulted in an undetectable level of FUT8 expression (Appendix: Figure A3
lane 6). However, transforming the FUTr&nformed SHuffle T7 Express with the supplemental
tRNA plasmid pRARE2 enabled expression of the recombinant FUT8 enzyme (Appendix:
Figure A3 lane 9). The specific activity of FUT8 after purification was measured and found to be
0.12 pymole/min/mg. The total FUT8 activity obtained from one liter bacterial ssipre was
0.21 U (umol/min).
In vitro enzymatic synthesis of IgG2 Fc glycoforms

Starting with high mannose 1gG2 Fc obtained from yeast expression as a starting
material, homogeneoudMan5, hybrid, and Fuc(+) hybrid glycoforms were synthesized as

outlined n Figure 2.
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BT3990

H,O Mannose UDP-GIcNAc UDP GDP-fucose GDP

High Mannose MansGlcNAc, GlcNAcMansGleNAc, GlcNAcMansGleNAc,F
(Man5) (hybrid) (Fuc(+) hybrid)
.N-acelylglucosamine .Mammse » Fucose
OH 5
B B FKP o OF% FKP o oeDP
OH / N OH 7 N OH
HO ATP ADP HO GTP PPi HO
OH OH OH

L-fucose fucose-1-phosphate GDP-fucose

Figure 2. Enzymatic synthesis diomogeneousgG2 Fc glycoforms and GDRicose.A) In

vitro enzymatic synthesis of Man5, hybrid and Fuc(+) hybrid IgG2 Fc glycoforms using high
mannose IgG2 Fc as a starting material. BT399G1 ¢ t e r - naahnosidake; BRT N-
Acetylglucosaminyltransferase |; FUT8na mma | i aficosyltdnsfédaseB) Reaction
catalyzed by Hucokinase/guanosine-8iphosphatd.-fucose pyrophosphorylag€KP) for the
synt hesi s diphogphedlnfocese (GBPLHudhse) from Lfucose.

41



The quantities and the yield of the different 1IgG2 Fc glycoforms produced in this study
are summarized in Table I. First, 185 mg of high mannose IgG2 Fc (FigArealso see
Appendi x Figure A4 | ane 1)mawmestlaselBT§6®mw edl. wi t h
2010; Cuskin et al. 2015; Okbazghi et al. 20169lation of the product using protein G affinity
chromatography resulted in 162 mg of Man5 IgG2 Fc which corresponds to 89% yield (Figure
3B, ako seeAppendix Figure A4 lane 2). Next, treatment of 140 mg of Man5 1gG2 Fc with
GnT-I (produced in house as described previclisip the presence of UDBICNAC resulted in
formation of the hybrid glycoform. After protein G affinity chromatography, 130 mg of hybrid
lgG2 Fc was obtained in 92% isolated yield (Figure 3C, alsdAppendix Figure A4 lane 3).
Finally, the Fuc(+) hybrid IgG2 Fc was produced from the hybrid IgG2 Fc glycoform using a
FUT8c at al yzed reaction. The FUTS8-IlinkedaGicNAcom r equ
t h e -nthinpsg arm of the acceptor substratgly¢art®, which is proided in the hybrid
glycoform. It also requires GDP-fucose as a donor substrate, which was made availabfe by
situ formation of GDPfucose from fucose, ATP, and GTP catalyzed by the enzyme(FigBre
2B).** FUT8 reaction progress was followed by intact protein rspsstrometry which showed
that a full conversion of hybrid glycoform into the Fuc(+) hybrid glycoform over the course of
two days (Figure 3D and 3H, also seéppendix Figure A4 lane 4). In this study, we converted

20 mg of the hybrid IgG2 Fc glycoformto Fuc(+) hybrid glycoform
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Table I. IgG2 Fc glycoforms yields summary

Step Amount Fc used Amount Fc Yield (%)
(mQ) obtained (mg)
Fermentation NA? 1000 NA?
HIC purification 730 395 54
WCX purification 395 205 52
BT3990 reaction (synthesis bfan5 Fc) 185 162 89
GnT-I reaction (synthesis of hybrid Fc) 140 130 92
FUTS8 reaction (synthesis of Fuc(+) hybri 20 19 94

*Not applicable
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Figure 3. Intact protein mass spectra under reducing conditions for I9gG2 Fc glycoforms, and
time course foin vitro enzymatic synthesis of Fuc(+) hybrid 1gG2 RJ. Heterogeneous high
mannose IgG2 Fc glycoform obtained directly frBichia pastorisafter purificaton by Protein

G, HIC and WCX chromatograph®) Man5 IgG2 F¢ C) hybrid 1gG2 F¢ D) Fuc(+) hybrid

IgG2 Fc.E-H: Time course for the enzymatic synthesis offlne(+) hybrid 1IgG2 Fc glycoform

as monitored by €OF LC/MS at different time point&) 0 h,F) 12 h,G) 22 h,H) 48 h.
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Binding studies using biolayer interferometry (BLI)

Biolayer interferometry (BLI) was used to measure the kinetics and streng&afc/
FcoRs i nFoe mlust immohilization of the receptors, specific biotinylation of
FcCoRY15% &, HA BRI, | aa n R13Fat sh& Gteamini was performed using
sortasemediated ligatio> This biotinylation enabled sitgpecific immobilization of these
receptors on streptavidin biosensors (Appendix: Figure A5).

Al t hough 1 gG2 is known to haVk¥8ambng allwe akes
human IgG subclassé$ our IgG2 Fc binding studies (Figure 4 and Table I1) showed that hybrid
|l gG2 Fc binds detecti bl-W58 Ka+ 188 gV). ddidition efacdkd vy t o
fucose to 1gG2 Fclearly reduced the binding to this receptor since the binding of Fuc(+) hybrid
lgG2 Fc at 70 uM gave a weaker signal compared to the binding of hybrid IgG2 Fc at the same
concentrationThe concentration of Fug] hybrid IgG2 Fc was raised to a higher level in an
attempt to obtain stronger binding signals to calculate the binding constants. Unfortunately, the
higher protein concentration resulted in massive distortion of the binding sensorgram (Appendix:
Figure A6 ) . Therefore, to get rough numbers for t
V158, we calculated these numbers based on a single concentration (70 pM) repeated in
triplicate as shown in Figure AGf the appendixThe Kp calculated in this way was 2420M
which is about 13old higher thanth&y,of bi ndi ng t he hybwi58 Omgl ycof
the other hand, the binding of the hyh3li d 1 gC
variant was similarKp= 2.1 puM). Finally, the effect of core fasylation was also tested on the
bindi ng of IR Xariand Thé resulR shioveed similar binding constants for the

hybrid Kp= 18.6 pM) and Fuc(+) hybridKo= 17.4uM) 1gG2 Fcst o F cRL1R,I ahdaa
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general reduction (8-fold) in IgG2 Fc bindng affinity to this receptorv ar i an't of Fcc:
compared to the H131 variant.
= b
25 30 35 40 45 Tlm:?sec) 55 60 65 70 75 25 30 35 40 45 TlmS?sec) 55 60 65 70 75
20 C \ 20 D K
25 30 35 40 45 T|me5(zsec) 55 60 65 70 75 25 30 35 40 45 Tlmsl?sec) 55 60 65 70 7%
10 E \ 104 F \
502 \\\ lﬁoi \§
Figure 4. Biolayer interferometry (BLI) analyses showing the sensorgrams for IgG2 Fc
glycoforms bindingto Fxt r e c A)pbtionrdsi ng o f hybrid 1 gG2 Fc t ¢
V158,B) bi ndi ng of Fuc( +) hybrid -V1$8Q) bikdng af 0 i mm
hybrid |l g G2 Fc t o-H131mDy doinding iofzFeaf+) HylridldgGR IF@a to
i mmobi |l i z-eBlL,BHdd RIdi ag of hybrid | gGZRI3EE) t o i m
binding of Fuc(+) hybridl g G2 Fc t o i mmikR1B1L. Bindng durves dnd)R 1 | a

correspond to hybrid 1IgG2 Fc concentrations of 70, 52.5, 35, and 17.5 uM from top to bottom.
The binding curve iB) corresponds to a Fuc(+) hybridG2 Fc concentration of0 pM.

Binding curves irC) andD) correspond to IgG2 Fc concentrations of 7.6, 3.8, 1.9, 0.9 uM from

top to bottom. Binding curves iB) andF) correspond to IgG2 Fc concentrations of 9, 4.5, 2.2,

1.1 uM from top to bottom.
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Table Il. Kinetic rate castants and dissociation constants for binding of IgG2 Fc glycoforms to

Fco receptors

kax 10° kg x10™ Ko (UM),
Interaction Type .

(1/Ms) (1/s) kinetic
hybri d/-WFlB8 RI I | a|801+251 1.41 +0.05 188 + 62
Fud +) hybr i-Wi58co|355+294 8.58 +1.32 2420 + 2030
hybridfHAERLO RI | a |817+42 1.70+£0.14 2.08 £0.17
Fuc(+) hyB#E31d/ F| 821+113 1.71+0.13 2.12+0.36
hybridfRE3ILORI I a 174 =+ 30 3.25+£0.3 18.6 + 3.6
Fuc(+) hybBR31d/ F|189+37 3.29 + 0.06 174 +3.4

Calculated from a single concentration (70 )4 shown in Figure A7 of the appendix
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Biophysicalcharacterization and studies of IlgG2 Fc glycoforms

The stability and the structure of thgZZdomain of 1gG isotype has been shown to be
affected by thé\sn297 glycan attached to this domain making it an important determinant of the
overall Fc and antibodstability>*’ The following biophysical techniques were used to probe the
effect of core fucose on the stability of IgG2 Fc: size exclusion chromatography (SEC), circular
dichroism (CD), differential scanning fluorimet(lpSF), and differential scanning calorimetry

(DSC).

Size exclusion chromatography (SEC) was used to measure any possible difference in the
hydrodynamic radius between the fucosylated andfanoosylated IgG2 Fc glycoforms as well
as to check for the presee of any high molecular weight (HMW) species. The SEC
chromatograms (Figure 5A) showed no sign of HMW species for both glycoforms. Also, there
was no significant difference between the retention times of the hybrid (12.81 + 0.02 min) and
the Fuc(+) hybd (12.80 £ 0.01 min) IgG2 Fc glycoforms suggesting no dramatic change in the

Fc hydrodynamic radius due to core fucosylation.
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Figure 5. Biophysical analyses of 1gG2 Fc glycoforms) Size exclusion chromatography
(SEC) chromatograms of the hybrid and Gchybrid 1gG2 Fc glycoforms analyzed under
native conditions (no heat or reduction). The mobile phase was 0.05M NaH2PO4 buffer pH6.1
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containing 0.4 M NaClO4. The mobile phase flow rate was 0.25 ml/min. Retention times were
12.807 £ 0.018 min and 12.804 @009 min for the hybrid and Fuc(+) hybrid IgG2 Fc
glycoforms, respectively. Also, the chromatograms indicate that both of these glycoforms are
monomeric with no sign of highmolecular weight (HMW) specie8) Circular dichroism (CD)
characterization of ybrid and Fuc(+) hybrid 19gG2 Fc glycoforms. Both 1gG2 Fc glycoforms
exhibit similar CD spectra recorded in the far UV range {280 nm) at 10 °C in PBS (50 mM
sodium phosphate, 150 mM NaCl, pH 7.€). CD-melt results recorded at 218 nm for hybrid
and Fuét) hybrid 1gG2 Fcs in PBS using a-20 °C temperature range. The results show a
high similarity in the CBmelt profiles of both glycoforms and also no significant differences in
their thermal unfolding temperatures o(&: and T, onset and midpoint otransition,
respectively). Each sample was run in triplicate and buffer subtracted during data aBalysis.
Differential scanningluorimetry analyses using SYPRO Orange fluorescent dye for probing of
the conformational differences between hybrid and Ruaybrid IgG2 Fcs. The Dye was diluted

to 1X concertation and the samples buffer was PBS. The results show a typical mAb DSF profile
for both glycoforms and similar transition temperatureg,stfand T, onset and midpoint of
transition respectively). Eacsample was run in triplicate and buffer subtracté&f). and F)
Differential scanning calorimetry thermograms of different 1gG2Fc glycoforr&as.
Deconvoluted thermograms of hybrid and Fuc(+) hybrid IgG2 Hes. Deconvoluted
thermograms of deglycosylateBndoHdigested (GIcNAdgG2 Fc), and Man5 IgG2 Fcs. In
each thermogram, the first transition represents the unfolding ofihed@nain of the Fc while

the second transition represents the unfolding of thg @main. Each sample was run in

triplicate andbuffer subtracted.
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The secondary structure of the hybrid and the Fuc(+) hybrid 1IgG2 Fc were examined by
circular dichroism (CD). Both of these glycoforms showed the typicals@&ztrum of
immunoglobulin G (Figure 5B) in which the beta sheet constitwgarthjority of its secondary
structure giving rise to an ellipticity minimum around 218 fimihe spectra are also shown to be
almost superimposable with no significant difference between them. An€Dwas also
conducted to detect changes in the protein secondary striftttie this analysis, the unfolding
of the protein structure was followed up by recording the change in the protein elligti2ity3
nm as a function of temperature (Figure 5C). Data analysis showed no significant differences in
Tonset(the starting temperature of the transition) apdthe midpoint of the transition) between
the hybrid (Bnsee 62.1 = 1.3 °C, Tm= 71.8 £ 0.&€ and the Fuc(+) hybrid ¢fse= 64.3 £ 0.9

°C, Tm=72.2+£0.9 °C) IgG2 Fc glycoforms.

Fluorescence thermal shift analysis also known as differential scanning fluorimetry
(DSFY° was also used in this study to probe the effect of core fucosylation on IgG2 Fc
conformational stability. In this experiment, SYPRO Orange was used as an extrinsic
fluorophore. The DSF profiles of hybrid and Fuc(+) hybrid IgG2 Fc are shown in Figure 5D.
Both glycoforms show a DSF profile which strongly resembles a typical DSF profile of a full
length antibody* A typical antibody DSF profile shows a sharp sigrriiié increase followed
by a decrease ithe fluorophore florescence intensity as the temperature increases. The initial
increase in SYPRO Orange fluorescence intensity is due exgusure of this dye to the apolar
environment of the protein as it unfolds, while the later decrease in the intensity is at least
partially due to florescence quenching by the intrinsic effect of temperatdieof each
glycoform, which is the midpoint of the first fluorescence transition in the corresponding DSF

profile, was determined using the first derivative curygprimarily reflects the transition of the
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Cu2 domain of mA, since it is the least thermally stable donfdiPata analysis showed no
significant differences in Jfiset(the starting temperature of the transition) ap@fe temperature
of hydrophobic exposure) between the hybrig,{& 60.9 + 0.3 °C, = 66.1 = 0.6 °C) and the

Fuc(+) hybrid (Bnse= 60.6 £ 0.19 °C, 7= 66.1 £ 0.0 °C) IgG2 Fc glycoforms.

The DSC thermograms of the different 1I9gG2 Fc glycoforms are presented in Figure 5
(panels E and F) while the melting temperatures are shown in Table Ill. In general, IgG2 Fc
showed two endothermal transitions similar to the DSC thermogram of Ig&1Tiis. and
previous resulf€ indicate hat the first transition that occurs at a lower temperature (Tm1)
represents the unfolding of thegZdomain while the second transition which occurs at a higher
temperature (Tm2) represents the unfolding of th8 Gomain of IgG2 Fc. In the first set of
glycoforms (Figure 5E), we wished to test any possible effect of core fucose on the thermal
stability of the G2 domain using this biophysical technique. To this end, we used the
homogeneousonfucosylated and the Fug(lgG2 Fc glycoforms generated in this study. Tm1l
was statistically identical for the hybrid and Fuc(+) hybrid IgG2 Fc glycoforms (68.4+0.1 °C and
68.5£0.1 °C, respectively). The Tm2 transitions for hybrid and Fuc(+) hybrid IgG2 Fc
glycoforms were also &htical (76.5+0.1 °C each). In the second set of glycoforms (Man5 1gG2
Fc, GIcNAclgG2 Fc, and deglycosylated IgG2 Fc), produced as descrilibd appendixTm1
showed a progressive decrease in its value as the size ABiB87 glycan becomes smaller
while Tm2 did not change dramatically (Figure 5F). Interestingly, Tm1 of the Man5, hybrid, and
Fuc(+) hybrid 19gG2 Fc glycoformsvere nearly the same (68.3£0.1, 68.4+0.1 and 685+0.
respectively). This experiment also shows that TmRA®1297 glycosylatedorms of IgG2 Fc

(ranging from 68.3 to 68.5 °C) is higher than Tm1 of the deglycosylated IgG2 Fc (64.1 °C) by
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more than 4 °C. This difference reflects the importance of the glycosylatidan@d®7 for the

stabilization of the IgG2 Fc§2 domain, as has beshown in previous studié§’

Table Ill. Melting temperatures of 2 domain (Tm1) and 3 domain (Tm2) of different IgG2
Fc glycoforms obtained by DSC

GIcNAcMan5F  GIcNAcMan5 Man5 GIcNAEc  Deglycosyted-Fc
Tm1%(°C) 68.5+0.1 68.4+0.1 68.3+0.1 65.5+0.0 64.1+0.(
Tm2%(°C) 76.5+0.1 76.5+0.1 76.310.2 75.7£0.0 75.60.(

#Melting temperatures were obtained by fitting the corresponding thermogram shown in Figure 5-& atatsmodel with two transitions

Ma mma | i afucosyirhnsf@rase (FUT8) kinetics studies

To get a better understanding of the amounts of bacterially produced FUT8 that would be
necessary for large scale production of the Fuc(+) hybrid glycoform, kinetic studies of the FUT8
enzyme were conducted using free and prebeund hybrid glycan. Durmthe course of these
experiments, it was recognized that there was a significant difference between the rates of fucose
transfer for free vs. proteibound glycan. This was explored in more detail in an additional set
of experiments by studying the rates FUT8 action at two different protein glycosylation

positions, the IgG2 FAsn297 andAsn392 glycosylation sites (Figure 1).

FUTS8 activity was measured using a continuous coupled spectrophotometric assay which
requires no substrate labeliffginitial kinetic studies of thamount and purity of the bacterially
produced FUT8 were conducted with free hybrid glycan. It was found that 0.21 units (umol/min)
of FUT8 with a specific activity of 0.12 pmole/min/mg were obtained from 1 L of bacterial
culture. TheKy, of the bacteriallyproduced mouse FUT8 for the hybrid glycan acceptor substrate
was determined to be 17.0 uM, while kg of this enzyme for the GDRicose donor substrate

was 18.2 uM (Figure 6 and Table 1V).
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FUT8 using free Nylycan (B) orAsn297-boundN-glycan (C) as an acceptor substrate for the
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calculation of apparery andVmax Each curve was constructed using initial velocities of varied

acceptor substrate concentrations. For the free glycgnlQ, 15, 20, 30, 40, 80, and 120 uM
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were used while for thAsn297-boundN-gl ycan (0); 40, 60, 80, 100,

were used. Data points are shown as the average of triplicate \@jugseweaverBurk plot
constructed using data from pld&@sand C, showing the difference in FUT8 kinetics between the
free and théAsn297-boundN-glycan.E andF) MichaelisMenten (E) and Lineweawurk (F)

plots of FUT8 using varied concentrations (10, 15, 20, 25, 30, 50, 80, 120, 360 uM) of the donor
substrag (GDRfucose) but fixed concentration (80 uM) of the fideglycan asan acceptor
substrate.

Table IV.Ki net i ¢ par ame fueosylirantferase Fbd8u s e U1, 6

Parameter Value® (standard error)
Km (rree giycan (M) 17.0 (1.0)
Vimax(free glycanyHmol/min/mg) 0.12 (0.002)

KM (asn297boundglycan)(HM) 167.8 (10.0)
Vimax(Asn29zboundglycan) (HMol/min/mg) 0.12 (0.003)

Kwm (Gprfucose)(HM) 18.2

#Values were calculated using GraphPad Prism 7 software utilizing the data shown in Figure 6

The simplicity of the pyruvate kinase/lactate dehydrogenase coupled FUT8 assay gave us
the opportunity to compare the acceptor substrate kinetics of a free hybrid glycan with a protein
bound hybrid glycan. This was accomplished by conducting the FUT8tpdssay in the
presence of varying concentrations of ken297 hybrid glycoform of 1I9gG2 Fc (Figures 6). It
was apparent immediately from initial rate studies that the free hybrid glycan is converted to the
Fuc(+) hybrid glycan at a much higher rate thlamlgG2 Fc As297 hybrid glycan undesame
conditions. Determination of kinetic parameters for 82 Fc Asr297 hybrid glycan resulted
in an interesting result. Thiéy of mouse FUT8 for the protein bound acceptor substrate was

167.8 uM, which is approximately #f0ld higher than that of the free hybrid glycan (Table IV).
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In addition, theVnaxof the free hybrid glycan and the protddaundAsn297 hybrid glycan were
essatially identical, 0.12 + 0.002 pmol/min/mg and 0.12 £ 0.003 pmol/min/mg, respectively.

This can also be seen in the LineweaBark plot in Figure 6D.

The kinetics of the FUT8 reaction at a second protein glycosylation site was studied to
determine if FUB differs in its ability to transfer fucose at different protein glycosylation sites.
This was accomplished by producing a glycosylation site variant of IgG2 Fc withstiz®7
site mutated to glutamine, and the conseh$8892 residue converted to an asggine to create
a new Nlinked glycosylation site as described thre appendix This 1gG2 Fe(Q297, N392)
variant has a single Nnhked glycosylation site aAsn392 (Figure 1). Though the N392
glycosylation site is not part of the IgG2 Fc consensus sequét is a naturally occurring
polymorphism which is present in the initial human IgG2 heavy chain cDNA obtained from the
mammalian gene collectidhand used for subcloning in this study. In additittre human IgG3
subclass heavy chain does have an asparagine at residue 392. Our laboratory affithatrers
shown that this site is glycosylated to some extent in human 1gG3, and thatlitileedN
glycoforms present at this site are distinct from those found af$h297 glycosylation site
(unpublished results). To study FUT8 reaction kinetics with the IgGZQR87, N392)
glycosylation site variant, it was first necessary to synthesize the hybriof@lycof 19gG2 Fe
(Q297, N392). This was accomplished using the same strategy that was utilized to produce the
Asn297 hybrid glycoform of 1gG2 Fc described previously, only using high mannose 1gG2 Fc
(Q297, N392) as a starting material. During the courskeo$ynthesis of hybrid IgG2 KQ297,

N392) glycoform, it became apparent that tlesn392 glycosylation site is not as good of a
substrate when compared to thsn297 site for glycosidase and glycosyltransferase enzymes.

This can be seen in Figure 7A, wth showsthe transfer of GIcNAc by GnT to the Man5
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glycoforms of theAsn297 andAsn392 glycosylation sites on IgG2 Fc. The Man5 1gG2 Fc
(Q297, N392) substrate is converted to the hybrid glycoform at a much slower rate than the
Asn297 site of Man5 1gG2 ¢ Calculations based on mass spectra peak intensities and initial
rate calculations showed that the GIndatalyzed reaction usingsn392 glycan as a substrate is
slower than the enzyme reaction uskgn297 glycan as a substrate by a factor of 4. Onee th
hybrid glycoform of IgG2 F{Q297, N392) was produced, it was incubated with FUT8 and
GDP-fucose to determine the rate of fucose transfer tA8m392 glycosylation site. No fucose
transfer was detected for tlhesn392 glycosylation site even though tAen297 site was fully
fucosylated in approximately 60 h under the same reaction conditions (Figure 7B). Based on
these results, we have concluded thatAte392 glycosylation site is not accepted as a substrate

by FUTS.
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Figure 7. Effect of glycosylation site on glycosyltransferases reactidX}sGnT-I catalyzed

reaction progress for the synthesis of the hybrid glycoform from Man5 glycoforms. The reaction

was carried out in 20 mM HEPES pH 7.5 buffer containing 150 mM NaCl;IGR% ug/ml),
UDP-GIcNAc (2 mM), MnC} (20 mM) and 20 uM of Man5 glycoform of either the wild type

IgG2 Fc which containsonlythesn2 9 7 gl ycosyl at i o@297%5 N3®2whicly) or
contains only the N392 glycosyl atQ-T®WRLCIMSt e ( 0)
analysis of intact protein and the peak intensities were used to calculate the percentage of
conversion of the Man5 glycoform into the hybrid glycoforB). FUT8 catalyzed reaction

progress for the addition of core fucose. The reaction wagdarut in 50 mM Tris HCI pH 7.5

buffer containing FUT8 (0.35 pU/ml), GDBfacose (150 pM), and 20 uM of the hybrid
glycoform of either the -WQ297tyN2892)YGROFc Tle
followed by QTOF LC/MS analysis of intact proteiand the peak intensities were used to

calculate the percentage of conversion of the hybrid glycoform into the fucosylated hybrid.
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Discussion

Synthesis ohomogeneouglycoproteins can facilitate studies of protein glycosylation by
providing access to material to conduct experiments that is not available from natural sources.
Natural glycoprotein microheterogeneity presents a significant obstacle to the analysis of
glycoprotein receptor interactions, stability, and kinetic studies. As part of a larger project to
producehomogeneouglycoproteins for glycobiology studies, human IgG2 Fc was produced as
homogeneoudan5, hybrid, and Fuc(+) hybrid glycoforms in this workanrelatively large
laboratoryscale using a combination of glycosylatideficient host, purification, and enzymatic
synthesis as shown in Table I. These glycoforms were then used to study the effects of changes
in glycosylation on 1gG2 Fc stability, reptor binding, and the kinetics of glycosyltransferase
reactions on IgG2 Fc glycosylation variants. 1IgG2 Fc was first produced in bulk in a BioFlo 415
fermentor using an OCH1 deleted strain of SMD1P&hia pastoris’°* Approximately 1 g of
high mannose IgG2 Fc was isolated from growth media using protein G chromatography. The
protein G purified IgG2 Fc was then purifidédrther using HIC and WCX chromatograph
Though this results in a large loss of material, the purified high mannose 1gG2akedfter
chromatography is dlycosylatedand consisting mainly of MagGIcNAc, and MaRGIcNAcC;
gl ycoforms that c an ble2manoosiqasesOnoe thediglytosygated t ed b
high mannose 1gG2 Fc was produced, enzymatic conversibonogeneoudlan5 and hybrid

glycoforms was conducted successfully as described in the methods section of this chapter.

For the production of the Fueg) glycoform and kinetic studies of fucose transfer to IgG2
Fc, a novel method was developed to produce mouse FUTBhiyng and expressing it in the
cytoplasm ofE. coliin a soluble and active forniPreviously, FUT8 has been obtained from

many sourcesncluding rat liver, porcine liver and cultured human skin fibrobl&sts>® In
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addition, recombinant expression of human FUT8 has been carried out indekgcand this
recombinant FUT8 has been utilized for characterization of the FUT8 reaction mechanism,
substrate specificity, and determination of FUT8 crystal struéfdfeThough FUT8 can be
obtained from all of the previously mentioned sources, we decided to explore the possibility of
producing FUT8 inE. coli to take advantage of the ease and speed of bacterial protein
expression. Using a modifide. coli strain, 1.8 mg of FUT8 with a totailctivity of 0.21 units
(umol/min) was produced from a ofiter shake flask expression. This amount of enzyme
activity was sufficient to produce all of the fucosylated proteins and to do all the required
characterization and the kinetic experiments dbsdrin this study. Initial kinetic studies of the
bacterially produced mouse FUT8 enzyme demonstrated that it had similar properties to the
insect cell produced human FUT8 described by Ihara %t @he acceptor substrakg, of the
bacterially produced mouse FUTS8 from this study is 17.0 uM, which is close to the 12.9 uM
acceptor substratéy determined for insect cafirodu@d human FUTS8 reported by Ihara efZal.

At the same time, the donor substrigigof mouse FUT8 is 18.2 uM, which is nearly identical to

the 19.3 uM donor substralg, Ihara et al. reported for human FU¥8despite the difference in

FUTS8 assay formats used in these studies.

Several studies have demonstrated that thi@kéd glycan atAsn297 stabilizes the (2
domain of antibody IgG Fc regions. Removal or truncation of this glycan affects conformational
stability, aggregation rates and biological activify:>®®* Given that little is known about hybrid
glycoforms in IgG2, we conducted a series of biophysical experiments to deterncioe if
linked fucosylation affects its conformational stability. Previously, Sondermann €t al.
demonstrated that the addition of sialic acid (a terminal glycaerdggneity) to theAsn297

glycan of IgG1 Fc induces structural alterations in th8 @omain in addition to a reduction in

60



the thermal stability of this domain as measured by circular dichroism. However, in this study
overall results from biophysical expments to probe the effect of core fucosylation on the
structure of IgG2 Fc confirm the similarity in the Fc structure upon core fucosylation and suggest
that core fucose does not make a significant contact with the protein backbone. These results are
alsoconsistent with previous results, where stable isetgsested NMR analyses confirmed the
similarity of the overall structures of fucosylated and -fugosylated 1gG1 Fc fragments in

solution.®®

Of the human | gG subcl asses, l gG2 has the
with the only exception being “Mecaurdofthis, [g32er e |
is a weak initiator of cellular immune responses except for those linked to cells expressing
FcoRI Il a. These relatively |l ow ef f ectthe func
pharmaceutical industry to make mAb when the effector functions are not requirdae for
antibody mechanism of action. Even so, 1gG2 has measurable affinity to other Fc receptors and
may contribute to cellular immune responses initiated by those letheceptors by acting alone
or with other IgG subclasses. Binding of IgG subclass to these receptors is highly affected by the
microheterogeneitpf the Asn297 glycan especially the level of core fucosylatithiTo explore
the effect of core fucosylation on the bindi
binding stWli es of the interactions of two FcCc receé

fucosylated and corkinked fucosylated IgG2. Since IgG2 has generally weak affinity for

FcoRI 11 a, we chose to study the hig-Wil58af fi ni i
Meanwhi |l e, in FcoRIlIla binding st uHdlil3)saswelve <cho
as the | ow aR131) variarttsyof tiis-recep®i. Biaayer interferometry studies of

these interactions resulted in the finding that doieed fuc o syl ati on has no eff
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binding while at the same ti m&l58byamupldeldr s t o
Thus, t he reduct i ovil58iupon tompietkicareggfucosgatior ofdg&2 Fcl a
could add more advantages to tlg& subclass and improve its benign nature when designing

mADb intended to have low effector functions for certain disease conditions.

The reduction in the bindi n\glb8arfthisfswdyass yl at ¢
shown to be due to a reductiontnhe r ate of the formation of t
well as an increase in the rate of dissociation of this complex. Previously, it was shown that the
presence of core fucose on then297 glycan of IgG1 interrupt glycaglycan interactions that
are present between nduacosylatedAsn297 glycan of IgG1 andsnl 6 2 gl ycan- of Fc
V158181° Therefore, a similar interaction might also be happening between 1gG2 Fc and
F ¢ o RVY1B8 glycans and could explain the resukported in this study. Noticeably, our
binding studies showed that thg & f binding of -HIBGI2 abbut 10@dold Fc o R
bigger than t hat -VIL5 whildthenkdaluasgfront tbeseFnteta®ionk Wwese
about the same. Thismeanath t he hi gher af fi ni tHi3lechtivdtg G2 s u
FcCoRY15&@ is mainly due to an increase in the
complex rather than the stability of this complex. Even though these receptors haveegjregh d
of homology, the difference in some of the amino acid sequence, and hence different receptor
conformation and different number of-Idked glycans, may result in different modes of
interaction and may account for these differences in binding kin€@ias binding studies with
F ¢ 9 RR131aariant also showed that the reduction in 1IgG2 Fc binding affinity to this receptor
vari ant C 0 mp 134 darianto(~ Fold seBuctiorg is due to a combination of
reduction in the rate of formation of themplex and reduced stability of the complex.

|l nterestingly, core fucosyl ati onRl3liewdntmoogh af f e
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core fucose has been shown to reduce the binding of IgG1 to this receptor variant as reported in
previous studied! This result also suggests that IgG2 has a different mode of interaction wi

F ¢ 9 RR131dhan IgG1.

The amount of hybrid IgG2 Fc produced in these studies and the use of a pyruvate
kinase/lactate dehydrogenase coupled assay to monitor FUT8 activity enabled studies of FUT8
fucose transfer kinetics with both free and protennd hybrid glycans. Initial kinetic studies
comparing the rates of fucose transfer to free and IgGA$R97-bound hybrid glycans
indicated that transfer of fucose was much more rapid to the free hybrid glycan. This was further
investigated by more deted kinetic studies to determine the FURG andVmax parameters for
both free and proteibound hybrid glycan acceptor substrates. Interestingly, the free hybrid
glycan had &y of 17 uM and the 1gG2 FAsn297-bound hybrid glycan had l&y of 168 uM,
indicating that the free glycan is the preferred acceptor substrate for FUT8. Unlikg vhkies,
the Vmax values determined for the free and IgG2 Asn297-bound hybrid glycans were
essentially identical at 0.12 pmol/min/mg. A standard preation of theKy's from this
experiment indicates that the apparent affinity of the FUT8 active site for free hybrid glycan is
approximately 1€old higher than its affinity for the IgG2 F&sn297-bound hybrid glycan. In
addition, the fact that th¥,s values determined for each substrate were identical indicates that
the catalytic rate constants and by implication the transition states for these two substrates are
very similar, regardless of differences in active site affinity for initial substr&sent crystal
structures of IgG1 Fc glycoforms showing both open and closed conformations around the
Asn297 glycan in the interface betweep2Zddomains, and NMR studies of IgG1 Fc by the Barb
laboratory which demonstrate that the first GICNAc residuenefAsn297 glycan experiences

multiple chemical environmentdoth suggest another intriguing possibififi’® An alternate
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explanation for these kinetic results would be that the IgGRIR297-hybrid glycan is dynamic

and can exist in two or more conformations where at least onm®renation would be fully
accessible to the FUT8 active site and another conformation or conformations would be
completely inaccessible. This sort of a model would be consistent with the kinetic results if 10%
of the 19G2 FcAsn297-hybrid glycans were i@ fully accessible conformation and 90% were
completely inaccessible, and the glycans were able to exchange between these different states.
Regardless of whether FUT8 simply has lower affinity for preb&iand hybrid glycans or the

lgG2 Fc Asn297-hybrid dycan is dynamically moving between accessible and inaccessible
states, the slower rates observed for fucose transfer to the Ig&hF@7-does appear to agree

with what is known of the FUT8 mechanigft’®’FUT8 requires significant access teliNked

glycans to catalyze fucoseatrsfer because for substrate recognition it must bind toedhcing

end sugar residues and then transfer fucose to the reducing end GIcNAc residue attached to
Asn297. To further investigate the steric requirements for FUT8 transfer of fucose to hybrid

glycans, we decided to investigate a second IgG2 Fc glycosylation site.

Recent studies in our laboratory (unpublished results) and dthease shown that the
lgG3 Asn392 glycosylation site is occupied carhas distinctly different types of -jlycans
attached to it when compared to #hen297 glycosylation site. While the glycans of the 1gG3
N297 site are mainly complex biantennary glycans containinglicteed fucose, the glycans
found on 1IgG3Asn392 condin no cordinked fucose at all and also contain a large amount of
bisecting GIcNAc. Since the presence of bisecting GIcNAc blocks the enzymatic activity of
FUT8® one question about the differences betwdee types of glycosylation found on the
IgG3 Asn297 andAsn392 sites is whether the addition of bisecting GICNAc is blocking the

Asn392 site as a FUT8 substrate. The stark difference between the types of glycosylation found
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on the Asn297 andAsn392 IgG3sites indicated that we might expect to observe similar
differences between the homologoAsn297 andAsn392 glycosylation sites on 1gG2 Fc since
IgG2 Fc is highly homologous to Ig&Fc. A mutant was produced to eliminate #hen297
glycosylation site butetain theAsn392 glycosylation site of 1IgG2 Fc (IgG2 @297, N392))

so that both sites could be studied independently. Studies of the rates of glycosyltransfer for
formation of the hybrid glycoform with Gnlland for formation of the Fuc(+#)ybrid glycdorm

using FUT8 were conducted on both sites. The IgGA$f892 glycosylation site appears to be
significantly less accessible to glycosyltransferases tharAgm297 site.GnT-1 transferred
GIcNACc to theAsn297 site approximately 4 times faster thanhe Asn392 glycosylation site,

and FUT8 did not transfer fucose to #hen392 site at all while thAsn297 site was completely
fucosylated. This is in some ways surprising since Alse297 glycans appear in crystal
structures to be sterically hindered byithlocation between the twoy€ domains of the Fc
dimer, while the N392 side chain appears to be directed towards solvent in models. These results
indicate that the protein structure around Ase392 site makes it less accessible for transfer of
GIcNAc to the norreducing end of the Man5 glycoform and completely inaccessible for transfer
of fucose by FUT8. Also, if the IgG2 Fc results are indicative of what can be expected for 19G3,
then the lack of fucose found on the human IgK38392 site is due to FUBnot being able to
accept theAsn392 site as a substrate rather than the presence of bisecting GIcNAc blocking

FUTS8 activity.

In conclusion, we were successful in performingraritro enzymatic synthesis for the
addition of core fucose to thesn297 of IgG2 Fc. Complete core fucosylation of IgG2 Fc using

this synthesis resulted in a large reduction1@fold) in binding of this IgG subclass to

FcoRI 11 a, a point should be -lhase#d mAb withmeduzcedarc c o un
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no effector éinctions. As part of thig vitro enzymatic synthesis, methods were developed to
express mouse FUTS8 i&. coli for rapid production of FUT8 for enzymatic synthesis and
kinetics studies. Biophysical studies comparing the stability of hybrid and Hugdgtiyl 19G2

Fc glycoforms were carried out, and it was found that the two glycoforms had nearly identical
stability. The acceptor substrate specificity of FUT8 for a free hybrid glycan and two different
lgG2 Fc hybrid glycosylation sites was determined. FE@&pted the free hybrid glycan with a
10-fold lower Ky than the IgG2 FAsn297-hybrid glycoform, but with equaV/max indicating
similar transition states for the free and profeaund glycans. The IgG2 F&sn392-hybrid
glycoform was not accepted by FU®&8 a substrate, indicating that this site is probably sterically
hindered by the surrounding protein structure. Based on these kinetic results, the protein
structure around hybrid glycans affect fucose transfer catalyzed by FUT8 by algring not

Vma and this observed substrate specificity could explain differences in the typebn&ed

glycans found attached to different glycosylation sites on the same protein.
Materials and methods
Materials

Restriction endonucleases, endoglycosidase H, andffl8HI' 7 ExpresskE. coli were
purchased from New England Biolabs (Ipswich, MA). Amicon UltBaCentrifugal Filter Units
were purchased from EMD Millipore (BiElcblieri ca,
cells were obtained from | nvitr ogmamosidases . ( C:
BT3990"%*! was produced in housth e b i ot i ny IVa58 wdantWas préduced im
house by the procedure described by Okbazghi@tTale plasmid pRARE2 was isolated from

Rosetta2 competent cells (EMmillipore). Antibodies for western and immune blotting were
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purchased from ThemoScientific (Grand Island, NY). UBIENACc, Inorganicpyrophosphatase
from baker's yeast( cerevisiag NADH, Pyruvate Kinase/Lactic Dehydrogenase enzymes from

rabbit muscleATP, GTP, and Hucose were obtained from SigeAddrich (St. Louis, MO).
Production and characterization of IgG2 Fc

A desciption of the cloning and sidirected mutagenesis used to produce yeast
expression strains for the 1gG2 Fc glycosylation site variants shown in Figure 1 is prowiaed in
appendixlgG2Fc variants were expressed in an OCH1 deleted strd?icbia pastoris using a
BioFlo 415 fermeter (Eppendorf) on a-liter scale. The expression and purification of IgG2 Fc
are described in more detailsthre appendix. Briefly, three-L fermentations were conducted to
produce about 1g of the IgG2 Fc. A second purification step using hydropmbdiaction
chromatography (HIC) was also carried out to separate hemiglycosylated Fc from the
diglycosylated F&"®° Weak cation exchange chromatography was also utilized to purify 1gG2

Fcfurtherand get rid of the phosphorylated glycoforms.
Production of s o lucdsyltensierasm@uT8)iinaEncoliU 1, 6

An expression plasmid (pFUT8) fahe production of the catalytic domain of mouse
FUT8 fused to a hexa histidisiag was produced as described thre appendix.The pFUT8
plasmid was then transformed into SHuffle T7 Expiessoli. The expression and pudétion
of FUT8 are described ithe appendix. After purification, the enzyme solution was dialyzed
against 50 mM Tris HCI, pH 7.5 buffer and concentrated by Amicon-1&raentrifugal filter
unit. Finally, the enzyme concentration was measured usingePRCA protein assay kit

(ThermoScientific) and stored in 50% glycerot2@ °C.
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In vitro enzymatic synthesis of IgG2 Fc glycoforms

The enzymatic synthesis scheme shown in Figure 2 was followed tohoalageneous
lgG2 Fc glycoforms as described in foowing sections:

Man51gG2 Fc

High mannose 1gG2 Fc produced by yeast expression and subsequent purification was
converted into domogeneoudMansGIcNAc, ( Man5) 1 gG2 Fc glycoform u:
mannosidase (BT39969**° Prior to BT3990 digestion, 185 mg of high mannose IgG2 Fc
(Figure 3A) was dialyzed against the reac buffer (20 mM MES buffer pH 6.6 containing 150
mM NaCl and 5 mM CaG). Then, the reaction mixture (92.5 ml) containing IgG2 Fc (2 mg/ml)
and BT3990 (100 pg/ml) was incubated at room temperature and the conversion was monitored
by intact protein QrOF LC/MS and required two days for completion. Finally, the Man5
glycoform was purified from the reaction mixture using the general protein G affinity
chromatography procedure describeth@appendix.

Hybrid-1lgG2 Fc

Man5 IgG2 Fc was converted intelIcNAcMarsGIcNAc, (hybrid) 19gG2 Fc using i
house produced Jdcetylglucosaminyltransferase | (GijT*? Before thereaction, Man5 1gG2 Fc
was dialyzed against 20 mM HEPES pH 7.5 buffer containing 150 mM NacCl. The reaction
mixture (15.5 ml) containing 139.5 mg Man5 IgG2 Fc (9 mg/ml), &{I17 pg/ml), UDR
GIcNAc (2 mM), and MnGl (20 mM) was incubated at 2&. The reation was monitored using
intact protein @TOF LC/MS until completion (11 hours). The hybrid Fc was purified from the
reaction mixture using the general protein G affinity chromatography procedure desctited in

appendix.
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Core-linked fucosylated 1gG2d~(Fuc(+) hybridigG2 Fc)

FUT8 producedas described above was utilized to convert the hybrid IgG2 Fc glycoform
into the GIcNAcMapGIcNAC,F (Fuc(+) hybrid) IgG2 Fc glycoform. The donor substrate, GDP
L-fucose, required for FUT8 reaction was produicesitu from L-fucose, ATP, and GTP using
the bifunctional enzyme -fucokinase/guanosine -8lphosphatd_-fucose pyrophosphorylase
(FKP) (Figure 2B). FKP was cloned and expressed as described previously by Wafigvithal.
minor modification as shown ithe appendix. Tl FKP reaction was carried out in 50 mM Tris
HCI pH 7.5 buffer containing ATP (5 mM), GTP (5 mM)fliccose (5 mM ), MgGl (5 mM),
and FKP (120 pg/ml) at room temperature. After 12 hours, the FKP reaction mixture was added
to an equal volume (8 ml) of a sibn containing 20 mg of hybrid IgG2 Fc (2.5 mg/ml Fc in 20
mM Tris HCI buffer pH 7.5) and the conversion to Fuc(+) hybrid was initiated by adding 37.3
pU of FUT8 and monitored by intact protein mass spectrometry. By the end of the reaction, the
Fuc(+) hyrid Fc was purified from the reaction mixture using the general protein G affinity
chromatography procedure described in appendix.

Binding studies using biolayer interferometry (BLI)

The interactions of the neflacosylated and fucosylated IgG2 Fc glycof@ wi t h  Fc o
recept or-d13Flc,o RIRABRI, | aa n dV158 averd btudied using a BLftz
i nstrument (Pall ForteBi o LLC)V158 redemor ssedlinu b | e
these binding studies was previously cloned and produced in our tydrdf The cloning,
expressionand purification of the-H$83lulahe-RBlooRI bé&
receptors are described tihe appendix. In these binding experiments, streptavidin biosensors
(Pall ForteBio LLC) were chosen for the immobilization of the receptors while udedtigG2

Fc glycoform was kept in solution. Four different concentrations of each IgG2 Fc glycoform
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were used in each binding experiment and each binding experiment was repeated three times.
The association rate constant and the dissociation rate cofkgtandky, respectively) as well as

the equilibrium dissociation constarKy) at 25 °C were calculated by fitting the binding
sensorgrams from these different concentrations using the global fit function of BLItz Pro

software. More details on the bingj experiments are providedtime appendix.

Biophysical studies

Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analyses were conducted using a Bsiggel
SW3000 (4.6 mm ID x 30 cm, Tosoh Bioscience, King of Prussia, PA) column and Prominence
HPLC system (Shimadzu, Kyoto, Japan). AlGample volume of 4.5 uM (about 0.24 mg/ml)
of either hybrid or Fuc(+) hybrid IgG2 Fc glycoform in PBS (50 mM sodpirasphate, 150
mM NaCl, pH 7.4) was injected into the column. The mobile phase used was 0.05 JAQ4aH
buffer pH 6.1 containing 0.4 M NaClOThe flow rate was 0.25 ml/min and the UV detector was

set at 214 nm.

Circular dichroism (CD) spectroscopy

The farUV-CD spectra (from 28200 nm) of the hybrid and the Fuc(+) hybrid IgG2 Fc
in PBS were recorded at @ using a Chirascan instrument (Applied Photophysics, Surrey,
United Kingdom) equipped with a six position temperatoetrolled sample holder. Samgple
were prepared by loading 200 ul of 3.8 uM (about 0.2 mg/ml) of each IgG2 Fc glycoform in
PBS(50 mM sodium phosphate, 150 mM NaCl, pH 7 0.1 cm path length quartz cuvettes.
The scanning speed was 2 nm/sec at 1.0 nm resolution. Each sample wesriplicate and
buffer subtracted before data analysis. Ther@&t experiments were performed by following
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the molar ellipticity at 218 nm of each sample as a function of temperature. The temperature was
raised from 180 °C at 2.5°C intervals using aeating rate of 18C/h with the samples allowed
to equilibrate for 5 min at each temperature. The-raé&ht profile for each glycoform was

obtained by plotting the molar ellipticity at 218 nm as a function of temperature.
Differential scanning fluorimetry (DSF)

DSF was performed using a MX3005P gPCR system (Agilent Technologies). The
samples were prepared by addsufficient SYPRO Orange dye to protein solutions (3.8 uM
IgG2 Fc in PBS) to create a 1Knal SYPRO Orange concentration. 150 ul of each sample was
loaded into a 94vell plate. The samples solution was excited at 492 nm, and the emission
intensity at 610m was followed with a concomitant raise in the temperature fred0R3C at
1°C/min ramping speed. Each sample was also run in triplicate and buffer subtracted. Data
analysis was performed using Origin software and DSF profiles were constructed tlng plot

SYPRO Orange fluorescence intensity as a function of temper&fira.

Differential scanning carimetry (DSC)

DSC experiments were performed with a MicroCalAiroDSC instrument (MicroCal,
LLC, Northampton, MA). Data was collected from 15 to°@at a scanning rate of 8C/h for
Fc solutions of 1 mg/ml concentration in 20 nsddium phosphate buffer pH 6.00. The sample
volume was 400 pl and each sample was run in triplicate. Data analysis was performed using the
DSC data analysis software supplied by Microcal (Origin 7). In this anallgsigprotein sample
thermogram was sufaicted from the buffer thermogram, baseline fitted, and normalized by
concentration to obtain the final thermogram. The resulting thermograms were then fit to a non

2- state model with two transitions to calculate the melting temperatures of the firsy &hohl
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second (Tm2) transitions which correspond to the heat capacity peak maximum of the first and
second endotherms in the thermograms, respecfively.

FUTS8 {utbsyjtrénsferase) kinetEstudies
FUTS8 activity assay

A continuous coupled spectrophotometric assay similar to one described previously for
U 1 -fuBosyltransferasé was used to determenFUT8 catalytic activity. In this assay, the FUT8
reaction progress was followed by measuring UDP production (produced when FUT8 transfers
fucose from GDR.-fucose to the acceptor substrate, Figure 2A) with a pyruvate kinase/ lactate
dehydrogenase (PK/LDHcoupled system to monitor NADH disappearance at 340 nm. This
assay was performed in 50 mM HEPES buffer pH 7.5 containing-f@é&2e (350 pM,
prepared as describedtime appendix), potassium chloride (50 mM), phosphoenolpyruvate (0.75
mM), NADH (0.15 mM) free hybrid (GIcNAcMagGIcNAc,) glycan (80 uM, prepared as
descried inthe appendix), 3 U pyruvate kinase (PK), and 4.2 U lactate dehydrogenase (LDH).
Thefinal volume was 150 pl and the reaction was started by the addition of FUT8 (4.5 ug) after
letting the other components equilibrate for 5 min inside the cuvette & 3The decrease in
NADH absorbance at 340 nm with time was followed using Evolution 260 Bievisi\le
spectrophotometer (ThermoScientific). The assay was done in triplicate and each iank

(no GDPRfucose) was subtracted.
Determination of FUT8 kinetic parameteksy(andVmay)

For determination of FUT8 kinetic parameters (appakgntnd Vs, the same assay
conditions described above were used but with varied substrate conoantrdi determine

FUT8 Ky andVpnax 0f Asn297-boundN-glycan, the concentration of this glycan was varied from
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40-300 puM. To determine FUTRy andVnqax0f the free glycanAsn297 released Nlycan), the
concentration of this glycan was varied from1ZD puM. In both cases, the concentration of the
donor substrate (GDRIcose) was fixed at 360 pM. Glycan concentratafculationwas based

on initial IlgG2 Fc concentration, astdemined by absorbance at 280 nm, in which the glycan
concentration is twofold the Fc concentration (two glycans per Fc dimer). To determine FUT8
Km andVmax With respect to GDRucose, the concentration of this nucleotide sugar was varied
from 10360 uM while the concentration of the acceptor substrate (free glycanrusieid casg

was kept at 80 puM. In all cases, equal amounts of FUT8 (0.52 pU in a reaction volume of 150
pl) were used to measure the kinetic parameters. Data analysis was performe@rapimgad

Prism 7 software. The initial velocities at various concentrations were measured for each

substrate and the data were fitted to the Michdééaten kinetics model:

C
2

Statistical analysis

Statistical analysis was done usingpairedt testto compare the different parameters. All
statistical analyses were performed usigphPad softwareA p-value of less than 0.05 was

used as the critenofor statistical significance.
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Chapter 3
FUT8-catalyzed functionalization of Asn297 glycan of IgG2 Fc for the design of

site-specificantibody drug conjugates
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Introduction

Antibody drug conjugates (ADS} represent a rapidly growing class of pharmaceutical
products and hold a considerable promise for the treatment of many diseases, especiafty cancer.
Antibody drug conjugates are hybrid molecules combiningtih®r-targeting specificity and
long circulating haHife of the monoclonal antibody (mAb) with the enhanced antitumor activity
of toxic payload attached to them. The recent approval of S€a#tle et i cs 6s brent uxi
(in 2011) and I mmunogendés trastuzumab emtansi
in the development of new ABX&nd currently there are more than 60 ALAT different stages
of clinical trials?

The first generation AD€relied on the conventional conjugation chemistries through the
epsiloramino group of lysine and the thiol group of reduced disulfide bond cysteine. However,
these early conjugation methods resulh@terogeneous ADsXthat are mixtures of molecules
different in the number and sites of attachment of the drug om#&ie part of the ADC. For
example, there are about 40 lysine residues per mAb and a stochastic drug conjigijagjon
this amino acidin a mAb would generate more than million different specie$his
heterogeneity of the ADC prepared by conventional methods adds mopdicztion to the
development and regulatory approval of A&XInce the mAb part of these products may already
have a certain level of heterogeneity to start with due to posttranslational modifications, such as
the variation in the Asn297 glycosylation flef Therefore, such products require more control
of the production processes and extensive characterization to ensure an acceptable consistency
across different production batches.

The site of conjugation has also been shown to be critical for ADC stahiliy
pharmacokinetics and a better control of the conjugation site could improve the overall ADC

tolerability and widen the therapeutic ind&XWith the need for a welliefined product and with
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the advances in the fields of protein engineering and conjugation chemistry, the focus of the
pharmaceutical industry and many other research groupshhaged to produce ABZhrough

site-specific conjugation”**

One of the leading technologies to make-specific ADC is the

so called THIOMABtechnology’ In this technologyan antibody was engineered to have extra
cysteine residues at specific sites to be used in conjugating the payload through thiol reactive
linkers instead of using the reduced disulfide bonds cysteines of the antibody for conjugation.
This technology vyielded nearly homogens conjugates with good safety profiles. The
emergence of the THIOMAB technology has paved the way for many other apwoasigned

to make sitespecific ADC with better control of the location of the cytotoxic drug, drug to
antibody ratio (DAR), and homogeneity as critical parameters in determining the efficacy and
safety profile of the resultant ADC. Some of these appemmchlied on genetic engineering of

the expression host to introduce an unnatural amino acid (UAA) containing a bioorthogonal
handle at certain sites within the amino acid sequence of the mAb to enaldpesife
conjugation:>*® Other approaches utilized certain enzymes such as formylglycine generating
enzyme (FGEY and sortase A (Srt A)that can recognize a specific amino acid sequence within
the antibody peptide backbone to introduce a handle that enablepextbc attachment of
payload using suitable conjugation chemistries.

An interestng site for making sitspecific ADC is the weltonserved Asn297 glycan
located in the G2 domain of the antibody (IgG}. Conjugation through this glycan could
minimize ay potential reduction in the ADC affinity for the target ligand since it is relatively
distantfrom the Fab region of the antibody. Also, located away from the FcRn bindinghsite,
Asn297 glycan does not affect binding of the antibody to this receptoch is an essential

receptor in mediating the recycling of IgG and gives it a long biologicallifaff® '® Several
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approaches have been develdo functionalize this glycan for sigpecific conjugation. Some

of these approaches relied on the use of chemical means to functionalize certain sugar units
within this glycan such as periodate oxidation of the core fucose to introduce an aldehyde grou
for conjugation with hydrazide derivativsMetabolic engineering was also used to introduce
unnatural sugar units to the Asn297 glycan such as-th@fiicose where this unnatural thio

sugar could be used foonjugation using thietaleimide chemistry to produce ABE’ In vitro
chemoenzymatic synthesis using glygtsnsferases to place unnatural sugar units containing a
suitable handle on this glycan was also utilizedFor example, an engineered
galactosyltransferase (Y289L) wased to add GalNAc analoguyesich asGalNAz or 2keto

Gal, to the Asn297glycan for subsequent conjugation using bioorthogonal chenfi$f?.
Conjugation through the Asn297 glycan can be a promising and a straightforward strategy to
equip antibogkswith a suitable payload without the need for antibody engineering.

In this work we developed arffieient method for bioorthogonal functionalization of the
Asn297 glycan usingin viro ma mma | i a-fucosylitdsfedse (FUT8katalyzed
chemoenzymatic synthesis to place the unnatural sugaidé-L-fucose on this glycan. This
method was utilized in nkéeng homogerous conjugates using different types of linkers having
different physicochemical properties combined with different bioorthogonal click chemistry.
These conjugates were characterized in terms of their structural stability, solubility, aind bind

properties.
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Results

In vitro chemoenzymatic functionalization of Asn297 glycan for bioorthogonal click reactions

The cor e | i n-ueosk) pbsitienmfstre A{n29T glyean of IgG was targeted
in this study as a site for adding a modifdyar (6azido-L-fucose) to provide a bioorthogonal
handle for sitespecific conjugation to make ABCDue to the neetbr milligram quantities of a
highly homogeneous afucosylated IgG2 Fc to perform this study, we used thePiaast
pastoristo expresshis Fc coupled withn vitro enzymatic synthesis as described in chapter 2.
The addition of ézido-L-fucose was carried out via vitro FUT8-catalyzed reaction shown in
Figure 1A. FUT8 is a mammalian enzyme that catalyzes core fucosylatiorglychhs?>?
Initially, we tried to perform theaddition of the modified sugar to the Asn297 glycan by
following a onepot strategy similar to thenepot strategy that we followed in chapter 2 for the
addition of the natural sugar fucose to the Asn297 glycan. During the@abtr&rategy, the
formation of the nucleotide sugar (GB#idofucose), required for FUT8 reaction, from the
simple sugar (@zido-L-fucose) is catalyzeih situby FKP. FKP is a bifunctional enzyme where
it catalyzes the formation of GB&idofucose from &zido-L-fucose in two stepas shown in
Figure 1B?"?®In the first step, it converts-&ido-L-fucose into azido-L-fucosel-phosphate
through its kinase activity while in the second step it conveaddd-L-fucosel-phosphate into

GDP-azidofucose through its guanylyltransferase activity.
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Figure 1. Site-specific functionalization and conjugationdhgh Asn297 glycan of IgG2 Fa)

FUT8-catalyzed functionalization of IgG2 Fc followed by conjugation of different linkers using

biorthogonal click reactionB)React i on catalyzed by FKP
diphospheb-L-6-azido-fucose (GDPazidofucose) from &zido-L-fucose. FUT8: marmmalian
U 1 -fuéosyltransferasd=KP: L-fucokinase/guanosiri-diphosphate_-fucose
pyrophosphorylase.

Although the ongot strategy eventually results in complete functionalization of the

for

IgG2 Fc (Appendix: Figure Bl), the conversion was séowd required nine days compared to

only two days conversion when the natural sugar fucose is used instead of the modified sugar 6

azido-L-fucose (Figure 2A). The oreot strategy involved three enzyme catalytic steps: two

steps are catalyzed by FKP torfothe nucleotide sugar and one step is catalyzed by FUT8 to
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add the sugar to the glycan (Figure 1). The rate of the first stp BKP reaction was tested by

using a continuous coupled spectrophotometric assay similar to the one describedIprévious
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Figure 2. Effect of sugatype and reaction conditions on T8 reaction rate and progress).

Onepot (three steps) reaction utilizimg situ formed GDPfucose ¢§) or GDRazidofu c o s e ( Y) .
B) Onestep reaction utilizing purified GDRicose ¢) or GDRazidofucose( y') . Reactio
progress was followed by-QOF LC/MS analysis of intact protein and the peak intensities were

used to calculate the percentage of conversion of the afucosylated IgG2 Fc glycoform into the

corresponding IgG2 Fc variant (fucosylated Fc or ézFc).
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During this assay, the rate tifie FKP kinase step was measured feaz&lo-L-fucose and
compared directly to that of the natural sugar, fucose. As expected agdegmentvith the
literaturé®, the rate of this step was about 8 times sloweemusing thenodified sugar &zido-
L-fucose (Appendix: Figure B2). On the other hand, the second step of FKP is a reversible step
and although we did not measure it directtyalso appeared to be slower when the modified
sugar 6azido-L-fucose is used instead of fige during the chemoenzymatic synthesis of the
corresponding nucleotide sugar (see appendix B for the chemoenzymatic synthesis-of GDP

azidofucose and also appendix A for the synthesis GiRiBse).

To speed up the functionalization of 1IgG2 Fc witlazédo-L-fucose for bioorthogonal
click reactions, the nucleotide sugar form of this sugar (i.e.-@Rfucose) was synthesized
and purified as described the appendix. Then, the purified nucleotide sugar was used directly
in the functionalization reaction where only one stifyge FUT8 step) is required to make the
product. Before scaling up the production of the functionalized Fc (AEEyca small scale
FUT8 reaction using the purified GD&idofucose was carried out and compared directly with a
FUTS8 reaction utilizing the natural nucleotide sugar &@D&bse. This experiment was done to
optimize the FUT8 functionalization reaction conditions and also as asumeeaf the
promiscuity of FUT8 and its efficiency in transferring the modified sugar relative to the natural
sugar. The reaction kinetics from these small scale reactions showed that FUT8 is quite
promiscuousnd transferrethe modified sugato the Asn®7 glycan abnly half the rate of the
natural substrateinder the same reaction conditions (Figure 2B). Afterward, a large scale
reaction was carried out using the same reaction conditions to produce entluighAzfucFc
to actas a substrate for sigpecific conjugationstudiesusing the bioorthogonazidealkyne

cycloaddition(AAC) reactions. During this large scale reaction, 36 mg of the Axf@2 Fc
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was produced from 40 mg afucosylated Fc (90% vyield). The purity and integrity of this
functionalizel Fc was confirmed by SBBAGE, while the homogeneity and the mass of the
product were confirmed using intact protein-MS (Figure 3A). The calculated mass of AzFuc

IgG2 Fc is 26461.1 Da and the observed mass is 26459.6 Da.
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Figure 3. Initial characterization of IgG2 Fc variants using SBSGE and QTOF LC/MS
analyses under reducing conditions. SBSGE lanes are as following: (1)}&&ido-L-fucose
functionalized 1gG2 Fc (AzFuEc); (2) PropargyPEG4acidlgG2 Fc conjugate (Propargyl
Fc); (3) BCN-PEG4acidlgG2 Fc conjugate (BCi¥c); (4) DBCOPEG5acidlgG2 Fc
conjugatgDBCO-Fc).
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Preparation of sitespecific IgG2 Fc conjugates usingzidealkyne cycloaddition

The AzFuelgG2 Fc waghen utilizedin AAC conjugation reactions using polyethylene

glycol (PEG) linkers functionalized with different alkynes (Figure 1A).

One way we performed the conjugation was through the usmspder(l}catalyzed
azidealkyne cycloaddition (CuAAC). In CuAAC, copper(l) acts catalyst to promote the
reaction between the azide and the linear alkyne to form a stable triazole linkage. The most
common way to provide the reaction with copper(l) is by generating this metitu by
reducing a copper(ll) compound, such as Cu$®Psodium ascorbate. Our first trials to perform
the CuAAC using AzFué-c and the alkyne propargPlEG4acid did not go smoothly, as the
protein started to aggregate and precipitate out of the solution shortly after starting the reaction.
However, by inclding Tris(3hydroxypropyltriazolylmethyl)amine (THPTAY>!in the reaction,
no more aggregates were seen and the reaction proceeded smoothly towards the product as
checked by intact protein mass spectrometry. However, as the reaction proceeds further towards
the product, the protein started to undergo oxidatisneddenced by intact protein mass
spectrometry (Appendix: Figure B3). In order to address the oxidation problem, we added
excess of free amino acids to the reaction mixture, such as methionine and arginine, to
potentially intercept any reactive oxygepecies. Reactive oxygen species generated by the
copper(ll) sulfate/ascorbate system are well known oxidizers of protein susceptible amino
acids*? However, the addition of these framino acids did not appear to reduce the oxidation
problem as shown from intact protein mass spectra (Appendix: Figure B4 and B5). Another way
we tried to address the oxidation issue is through the use of copper(l) directly in the form of
Cu()Br insteadbf the copper(ll) sulfate/ascorbate system. Unfortunately, this trial did not appear

to solve the problem (Appendix: Figure B6).
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To solve the oxidation problem and prodticelgG2 Fcepropargyl conjugate (Propargyl
Fc) necessary for subsequent studiescidieed in this chapter, we tried to accelerate the CUAAC
so that the conjugation reaction is completed in less than one hour. During the first hour of the
reaction, and based on our preliminary reactions for optimizing the CUAAC, the Ig@@ Rot
exhilt a detectable level of oxidation as evidenced by the intact protein mass spectra. Therefore,
a largerexcess(about 2.5fold) of the alkyne (propargyPEG4acid) was used in the reaction
mixture to drive the reaction to completion before any signifibewel of oxidation started to
show up in the intact protein mass spectrum. By doing that, we were able to accelerate the
reaction and make it completed in less than 40 minutes as shown in the Figiréh&7
appendix However, taremove thecopper and preant the formation of reactive oxygen species,
the reaction mixture was immediately diluted with 15 volume of 1 mM EDTA in 50 mM HEPES
buffer at pH 7.5. The reaction mixture was then concentrated back to initial volume using
Amicon Ultra15 centrifugalfilter units. This process was repeated twice followed by dialysis of
the reaction mixture ia suitable buffer for subsequent studies. The protein mass spectrum of the
PropargyFc conjugate prepared following this procedure showed no sign of oxid&igure
3B), while the control Propargyic conjugate showed an extensive level of oxidation

(Appendix: Figure B7D).

The other way to conjugate certaiongpounds through the-&ido-L-fucose attached to
the Asn297 glycan of IgG2 Fc in a specific mannethimugh the use of coppéee azide
alkyne cycloaddition, which is widely known astrain promoted azidealkyne cycloaddition
(SPAAC)® In one SPAAC reactionye chose to use bicyclononyne (BCN) linker represented
by BCN-PEG4Acid (Figure 1A). This redmn was carried out by mixing the AzF&c with

excess BCN linker in agueous solution at room temperature. The strain within the cyclic alkyne
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(BCN) is the driving force for the reaction to proceed forward towards the formation of the
conjugate without th need for copper(l). The reaction progress was follaveaty intact protein
LC-MS. Under the reaction conditions described in the materials and mesicias (380 M

BCN linker) of this chapter, the reaction required two days for full conjugation efBiGN
linker to Asn297 glycan of 1IgG2 Fc (Figure 3C). To confirm the conjugation site specificity, the
resultant IgG2 FBCN conjugate (BCN-c) was subjected to PNGase F digestion followed by
intact protein mass spectrometry analysis. The mass spectrumedha single peak

corresponding to the mass of the deglycosylated 1gG2 Fc (Appendix: Figure B8).

In another SPAAC reactionwe chose to use dibenzocyclooctyf@BCO) linker
represented by DBCOEGb5acid. Again, the reaction was carried out by simply mixing of
AzFucFc with excess DBCO linkg25 pM) in aqueous media using 50 mM HEPES buffer at
pH 7.5. The reaction was quite efficient and full conjugation wagaed in 22 hours (Figure
3D). Interestingly, the SPAAC reaction kinetics using DBCO linker was much faster than that
when using the BCN linker despite the fact that the concentration of BCN linker was more than
15 times higher than the concentration bé tDBCO linker in these reactions. The site of
conjugation in DBCGFc conjugate was also confirmed by PNGase F digestion and intact

protein mass spectrometry analyses (Appendix: Figure B8).

Characterization and studies of the conjugates

Dynamic lightscattering

The hydrodynamic sizes of all IgG2 Fc variants (functionalizedFEe&onjugates and
deglycosylated Bcin 20 mM phosphate buffer (pH 6.0) were measured using dynamic light

scattering. The intensHgerived size distribution plots of all Fc Vemts also show the absence
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of large aggregates (Appendix: Figure B9) and low polydispersity (< 15%) values suggesting a
monodisperse size distribution. As shown in Figure 4, hydrodynamic diameters of Fc variants
were found to be between 6.9 and 7.5 nne $ize of the AzFuéc (6.99 + 0.05 nm) and the
deglycosylated Fc (6.93 + 0.03 nm) were found to be similar (p=0.13) showing that the removal
of glycans had no significant influence on protein hydrodynamic sizes. This is presumably
because¢he Asn297 glycas are buried between thgZdomains as they appear in most IgG Fc
crystal structured”*® However, the sizes ahe DBCO-, Propargy}, and BCNconjugates were

7.47, 7.44,and 7.21 nm, respectively, reflecting a slight increase in the size of the Fc upon

conjugating the corresponding linker to the Asn297 glycan.
Comparison of thermal stability

The secondary structure stability of the prepared Fc variants in response &siingre
temperature (10 to 90 C) in 20 mM pWwWdECPphat
spectroscopy. As shown in Figure B10 of the appendix, CD spectra of all Fc variants showed
minima around 216 nm indicating as expected primarily-beéget suicture in the samples at 10

C. A strong negative shoulder is also seen
ellipticity at 218 nm was plotted as a function of temperature to monitor the loss of secondary
structure during thermal stress. stsown in Figure 5A, the CD signal of protein samples became
more negative above 60 °C indicating a loss of protein secondary structure. The order of T
values is as following: AzFuEc, DBCOFc, PropargyFFc > BCNFc > deglycosylated Fc
(Figure 5E and TablB1of the appendix No significant difference inJvalues among AzFuc
Fc, DBCOFc, and PropargylFc was observed. In contrast, the deglycosylated Fc showed a

transition at least 6 °C lower indicating a major loss of stability.
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Figure 4. Hydrodynamic diameter of various 1gG2 Fc variants prepared in this work as
determined by dynamic light scattering (DLS). Measurements were conducted at 25 °C with each
Fc variant prepared in 20 mM phosphate buffer (pH 6.0) at 1 mg/ml concentration. Error bar

indicatesstandard deviation (N =3).
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Figure 5. Thermal unfolding profiles of IgG2 Fc variants in 20 mM phosphmtffer (pH=6.0)

measured by:A) FarUV circular dichroism;B) Intrinsic fluorescence sum() Intrinsic

fluorescence momenD) Extrinsic fluorescencgSypro Orange)E) Corresponding Tm values

obtained from these biophysical techniques. Error bars indicate standard deviation (N=3).

The protein tertiary structure was studied using {iesolved intrinsic tryptophan

fluorescence. The fluorescence inignand lifetime of tryptophan is sensitive to the polarity of

its surrounding environment. A total of 8 tryptophan residues reside at various locations in an Fc

molecule and monitoring tryptophan fluorescence is therefore a sensitive measurement of

alterdions in protein tertiary structures. Sum and moment reflect the fluorescence intensity and

Ai nt @aveirtaygedo

i fet

i me, respectively

and

5B and C). Sum plot suggests that Azfacand PropargyFc havethe highest |, values,

followed by DBCQOFc and BCNFc. Moment analysis indicates no significant difference
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between the J values of AzFud-c, DBCOFc, PropargyFc and BCNFc, while
deglycosylated Fbhasthe lowest T, value as seen in CD measurements (Figure 5E and Table B1

of the appendix

Sypro Orange dye, as an extrinsic fluorescence probesddyfluorescent in water and
becomes highly fluorescent when it binds to hydrophobic regions of proteins during protein
unfolding. The intensity of Sypro Orange at 610 nm reflects the overall exposure of hydrophobic
regions of protein and is therefore usednonitor protein tertiary structural alteratiols\zFuc
Fc, PropargyFc, and BCNFc showed the highest thermal stability with no significant
differences among theirylvalues. Incontrast, the Jof DBCO-Fc i s | ower by 1
slight destabilization effect of DBCGAnker on protein tertiary structure (Figure 5D, E and Table

B1 of the appendix The deglycosylated Fc again had the lowest thermal stability.

The overall onformational stability of Fc variants was studied using differential
scanning calorimetryDSC). DSC thermograms show two distinct thermal transitions for all Fc
samples (Figure 6). The first and second thermal transitions originate from the unfol@isy of
and G43 domains, respectively. AzRke, PropargylFc, and BCNFc showed no difference in
their T1 values (Appendix: Table B1). Compared to AzfFec DBCGOFc is less stable by 0.6
°C with respect to J1. AzFuecFc, DBCOFc, PropargylFc, and BCNFc shaed similar TF,2
values suggesting that the conjugation did not significantly affect the thermal stability gf3he C

domain. The deglycosylated Fc sample showed a significantly loylevalue.
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Figure 6. Thermograms and domains{Zand G,3) meltingtemperatures of IgG2 Fc varianh
comparison with @zido-L-fucosefunctionalized 1gG2 Fc (AzFuEc) as measured by
differential scanning calorimetry. Error bars indicate the standard deviation of 3 replicates and
statistical significance (*) compared tiee AzFueFc with a p value < 0.01 is indicated. Samples

were at 0.5 mg/mL in 20 mM phosphate buffer (pH=6.0).

Effect of conjugation chemistry on the conjugate solubility

The apparent solubility (thermodynamic activity) of the prepared conjugates \wasetbs
using a PEGprecipitation assay described previod&f? and compared to that of the
functionalized 1gG2 Fc with no conjugation as shown in Figure 7. In this assay, polyethylene
glycol (PEG) was used to decrease the solubility of the prptesentat low concentration in a

guantifiable manner where proteinepipitation can occur mainly through PEGexcluded

97



volume mechanism. Plotting the results from this assay resulted in a sigmoidal curve. Although
these PE&urves can provide a qualitative way for comparing solubility, the solubility of
closely related mteins orthe same protein under different formulation conditions can be
compared in a quantifiable manner using the %R&EGand the apparent solubility
(thermodynamic activity). The %PEfay is the weight %PEG required to reduce the protein
concentrabn to 50% of its initial value while the apparent solubility (thermodynamic activity) is

calculated by curve fitting and extrapolation to zero PEG concentration.

The assay showed a mild increase (p<0.05) in the %REGF the propargykconjugate
compare to theAzFucFc; conversely there was a mild decrease (p<0.05) in the %RE{be
to the conjugating of the DBCO and BCN linkers to #heFuc Fc. As expected, a larger
decrease in %PEG, was observed for the deglycosylated IgG2 Fc when compareeto t
glycosylated FE Results from apparent solubility (thermodynamic activity) calculations
showed the same trend of relative solubility predicted based on %BEBowever there was
no difference (p<0.05) in the apparent solubility (thermodynamic activity) of the BCNgataju
when compared to the functionad Fc. Overall results from PE@ecipitation assay predict a
decrease in the solubility of DBGBEc, BCN-Fc, and deglycosylated Fc and an increase in the

solubility of the PropargyFc when compared to the AzF&c.
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Figure 7. (A, B, C, andD) Comparison of the PEGes (protein vs. PEG concentration) of
different IgG2 Fc variants (DBC®c, Propargylc, BCN-Fc, and églycosylated Fc) to AzFuc

Fc.E) Comparison of PEfqp: Values (w/v) oflgG2 Fc variants to AzFuEc. F) Comparison of
apparent solubility (thermodynamic activity) of each of IgG2 Fc variants to AEEUError bars
indicate the standard deviation of 3 replicates and statistical significance (*) compared to the

AzFucFc with a p value ©.05 is indicated. Sample were at 20 mM phosphate buffer (pH=6.0).
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Comparison of binding to Fc gamma receptors

The binding kinetics andffinityof t he conjugates to Fco rec
biolayer interferometry (BLI) and compared to the Imgd kinetics andaffinity of the
functionalized Fc (AzFuéc). The purpose behind conducting these binding studies was to
check for any possible Fc conformational changes or steric interference due to conjugating these
linkers, on the binding to these rpters. Previous studies have shown that the human 1gG2
subclass of antibodies bindse a k1l y t o most of Fco receptors h
bi ndi ng %tbhethodo Rlgl ao.f |1 gG2 to FcoRlIla is also :
polymorphism within this receptor where it has a stronger binding affinity for the H131 variant
(FcoR13a) of the receptor t-REBH" "I Bet hR1BcI RY A re
receptor variants were uséd our binding studies in addition tihe high affinityFc o RI | | a
variant ( Fc o ®I1I5183 . Binding of l gG to FcoRIIlla is
pr es e n c-ducosef(cord fugose) on the Asn297 glycan of 1§¢.

Representative binding sensorgrams for binding of the AEHeuand the conjugates are
shown in Figure 8. Also the calculated binding constants are shown in [T&#deed on these
binding results, the affinity constankKd) of the azidofucose containinggG2 Fc lies in the
micro-molar range affinity (2.23(M) consistent with previously reporte¢hs for binding of
| g G2 Fc 1Hd31 &d suikestirey no significant change in the affinity of I§&Rpon
functionalization (chapter)2Interestingly, the bindingof DBCGE ¢ t o -HISLKR+ .18
MM) was reduced by 1:tbld (p<0.05) compared to binding of the AzHdc to the same
receptor variant. However, there was no statistical difference (p<0.05) in the affinities of the
BCN-Fc and PropargyFc to this receptor compared to the functionalized Fc. On the other hand,

binding of 1IgG2 Fc (the functionalized Fc or the conjugates) demonstrated a lower binding
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affinity tRA31 vahant whereatHkd of the AzFueFc was 14.1 pM6-fold bigger
compared t o biHb3d vanagt). Alladhe Eonjug#ds shmwed similar (p<0K59
t o F cRL1&I Hinally, the functionalized Fc and the conjugates showed a very weak binding

signal t\Wi58”atdheiRighest aoncentratitested in these binding studies.

101



(A) FcyRlla-H131
5 AzFuc-Fc is DBCO-Fc
= ——— — = o
£ ; o | 10 [
21 / —— 2 -
/e Zos
m 0 ¥ & 0 ¥
30 40 50 60 70 30 40 50 60 70
Time (sec) Time (sec)
Propargyl-Fc BCN-Fc .
ErS i — E15 -
51,0 o 7_ - 51_0 ;J: 7 :
Zos 1= S05 e ——— S —
m L m ), e
O —n{ ——— 0 —
30 40 50 60 70 30 40 50 60 70
Time (sec) Time (sec)
(B) FcyRlla-R131
15 AzFuc-Fc ~_ DBCO-Fc -
£ : VS I R
3110 [ —j B
gj -‘I‘.-“ . SE— _ — — I‘I'
= 0.5 J —_— A — — 4
o o —V =—— i
30 40 50 60 70 40 50 60 70
Time (sec) Time (sec)
15 ~ Propargyl-Fe ~ BCN-Fc_ |
£1.0 / ——— — ’ — T —
= E—
o5 | —
[f3] 0 1/ N ————
30 40 50 60 70 30 40 50 60 70
Time (sec) Time (sec)
(C) FcyRllla-V158 D) ... I ForRila 13
Il I Gz F X t i Bl FciRil2-R131
- All lg c variants 2 0x10°
EOA— g
j=2 = 1.5x10%
._§0.2 =
g — | X 1.0x10 .
30 40 50 60 70 5.0x10°®
Time (sec)
0.0
QD Q() <<D QQ
; o ¥ e’
?§o° & OQ“”SCS\ &
Q\
Figure 8.Bi ol ayer interferometry (BLI) analyses of

(A), B), and ) represents bindingd18bd, | RbddBRad a zed
F ¢ 0 RV1B], aespectively. Bindingcurves in A) correspond to IgG2 Fc variants
concentrations of 4, 2, 1, and 0.5 pM from top to bottom. Binding curve3)inofresponds to

lgG2 Fc variants concentrations of 10, 5, 2.5, and 1.25 pM from top to bottom. Binding curves in
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(C) corresponds tdgG2 Fc variants concentration of 70 puMD)(comparison of affinity

constantsKps) of IgG2F ¢

var.i

a p value < 0.05 is indicated

an tHsl 3t1o ahoRBic BreBrlbdrsaindicate the

standard deviation of 3 replicates and statistical significance (*) compared to thePzRitb

Tablel.LKi neti c rate and affinity constants
FoRllal31H FoRIIal31R
Ka % 10° kq x10™ Ko (UM), ka % 10° kq x10™ Ko (UM),
Fevariant (1/Ms) (1/s) kinetic (1/Ms) (1/s) kinetic
AzFueFc 833+171 1.86+0.10 | 2.23+0.47 | 320+98.6 | 4.52+0.70 | 14.1+4.8
DBCGFc 380+60.5 |2.33+0.19 |6.13+1.10 |203+£26.5 |3.78+0.88 | 18.6+4.9
PropargylFc | 726+94.7 | 2.16+0.15 | 2.98+0.44 | 205+44.1 |3.43+0.28 | 16.7+3.8
BCNFc 662+123 2.31+0.19 | 3.49+0.71 |171+32.8 |[3.72+0.47 |17.1+3.4
Discussion

During the past few years there has been a growing interest in designisgesitiec
ADCs.2"14" Many methods have been reported to achieve this goal and each method has its
own advantages and disadvantages. Some of these methods utilized the Asn297 glycan of the

antibody as a site for biorthogonal functionalization and specific conjudatione way of

f

or

functionalization of this glycan is through the introduction of a modified sugar unit with a

suitable handle within the structure of this glycan using enzymes. Anothesfu@tyoducing a

handle within this glycan is through the use of chemical reagents to chemically modify certain

sugar units within this glycamntroducing a handle through the single fucose residue attached to
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t hi s gl yc alinkage would resultd an aétibody with two handles and a possibility of
DAR of 2, a widely targeted DAR imanyrecent studie§’*®*° To the best of our knowledge,

only two trials focused on utilizing core fucose for ssfgecific conjugation. In one trial, Okeley

et al. (2013¥ introducedseveraimodified fucose units, especiallytBifucose, on this glycan by
feeding the mammalian cells producing the antibody with the acetylated form of the modified
fucose units Even though the trial wasomewhatsuccessfylunfortunately the incorporation
efficiency of the thiofucose was only about 60% where the rest of the Asn297 glycan was either
modified with the natural fucose or left afucosylated. In the seconld Zuderbihler et al.
(2012) developed a method to selectively oxidizediseliol of core fucose of Asn297 glycan
using sodium metaperiodate to introduce an aldehyde handle within this glycan for subsequent
reaction with hydrazide linkers and form hydvae linkages? Their functionalization method
however relied on the use of harsh reaction conditions; oxidizing agents and low pH (pH 4.0).
The oxidation was difficult to control and some of the fucosedmts were overoxidized to
carboxylic acids making them unavailable to react with the hydrazide linkers. The other problem
of subjecting the antibody to oxidation is the possibility of oxidizing some amino acids within
the antibody. Some of these amino acids are critical FcRn binding and the antibody
pharmacokinetics and their oxidation results in reducing the antibody and ADC biologieal half

life, such as MeP52 and Me#28185?

Our approach of factionalizing the Asn297 glycan for sigpecific ADG was through
the core fucose residue. Efficient and complete introduction of a modified fucose was achieved
i n t his wor k t hr o ufgdosyltransfegase UFRUES), a f mamithalian6
glycosyltransferase responsible for adding the natural sugar fucoke fost GIcNAc of the

pentasaccharide core structure oflidked glycans® FUT8 was recently expressed and
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characterized in ouftaboratory using a novel way i&. col. The enzyme was also used
successfully in generating of fully fucosylated IgG2 Fc as shown in chapter 2. We sought to
introduce a modified fucose with a suitable handle to fully functionalize the Asn297 glycan of
IgG2 Fc for sitespecific conjugation. An elegant fucose handle would be the bioorthogonal
azide or alkyne handles to allow a click chenyistonjugation, such as#&ido-L-fucose and 6
alkynyl-L-Fucose. However, based on previous studies, it has been dmawhet 6Alkynyl-L-

fucose analogue has low incorporation efficiency and could also behave as an inhibitor of
FUT82°°? |n addition to this limitation, the -Blkynyl-L-fucose would provide a lower
flexibility and allow only the copper catalyzed version of the biorthogamtlealkyne
cycloaddition reaction @. CUAAC), while the @zido-L-fucose would allow both versions of
AAC, i.e. the Strainpromptedazidealkyne cycloaddition (SPAAC) as well as CuAAC. Our
initial trials included the use of ofmot reaction containing FUT8 and FKP to trandies
modified fucose (&zido-L-fucose) from the GP{azidofucose, formedin situ from FKP
reaction, to the Asn297 glycan ofG@ Fc by the action of FUT8 in a similar way of making
fully fucosylated 1gG2 Fc described in chapter 2. Although using thigponhstrategy resulted in
efficient incorporation of the @zido-L-fucose in the Asn297 glycan, the process was much
slower (moe than 9 days) compared to the incorporation of the natural sugar fucose under the
same reaction conditions (2 days), making it less conveniegefugratingsite-specific ADG.
Subsequent investigations to determine the step(s) that are responsthis &owness in the
onepot reaction led us to make and purify GBfdofucose and use it directly in FUT8
reaction. The result was efficient functionalization of the Fc in less than 24 hours. Using purified
GDP-azidofucose does not only skip the slownessnaking this activated nucleotide sugar

situ by FKP, which catalyzes a reversible reaction, but also excludes the presence of ATP, ADP,
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and inorganic pyrophosphate that can be formed during FKP reaction and act as inhibitors for

FUT828

Stability of the linkage between the antibody and the payload represent a critical factor in
the safety and efficacy of ADXC The AAC has ben widely used in recent studies as an
alternative to conventional conjugation chemistry in makingsptgific ADG. Although in
most of these studits>>3the authors preferred to use theA®® version of AAC over the use
of CUAAC, an optimized CuAAC process, as the one we carried out in this work, can add
another dimension and give more flexibility in using click chemistry conjugation reactions to
make sitespecific ADG. The AAC is a highlyspecific conjugation reaction which can be
carried out efficiently in neutral aqueous solutions containing the protein of intetf®&tThis
reaction results in the formation of a stable triazole linkage between the alkyne and the azide.
Premature release of the payload hasrbshown to occur in the plasma when using -thiol
maleimide chemistry in constructing ADC, due to redizhael reactiorf® Thiol-maleimide
chemistry has been utilized in making the commercial products Kadcyladoadris as well as
utilized in many experimental ADE3uch as the one developed by Okeley et al. (2818)so,
premature release of the payload from ADC made through a liable hydrazone linkage, as the one
developed by Zuberbiihler and described above, is likely to happen in the human'pfagine.
premature release of potent toxic payloadtha plasma can result in serious-taffget toxicity
and narrowing of therapeutic index of the corresponding At¥ETherefore, new chemistries
such as AAChavebeen used recently in making next generation ABCsolve these stability
problems along with other shortcomings associated with first generatiors. AIDE strategy we
followed here which shows a full functionalization of the antibody Fc waithezido-modified

sugar followed by full conjugation using AACtg click chemistry, can well serve the goal.

106



Similar to mAb therapeutics, the structural stability of the antibody paanh@DC is
critical for the stability of these therapeutic products and prevention of aggregation which results
in loss of activityand potential immunogenicity reactions when introduced into biological
systems.*® Introducing a linker and a toxin on the mAb is expected to alter the seusftthe
mADb part of the ADC andanreduce the stability of the product compared to the naked mADb;
however this effect is also expected to be highly dependent on the site of conjtit&tinra
study of trastuzumabM1 (commerciallypecame Kadcyla), Wakanker et al. (2010) showed that
the conjugation of DM1 to trastuzumab resulted in reducing the thermal stability of the
intermediate (mAHinker) and the product (mAlbnker-toxin) by about 2 and 4.4 °C,
respectively as measuréyy differential scanning calorimetPy.This reduction in the thermal
stability was also accompanied by an increase in the aggregation propensityeahtuied
forms of trastuzumab. Accordingly, we sought to test the impact of using different linkers having
different physicochemical properties on the overall conjugate secondary and tertiary structure
thermal stabilities using a variety of biophysicathniqus.®> The alkyne parts of the used
linkers are among the most commonly used alkynes in AAC readbathisthe CuAAC and
SPAAC. The biophysical techniques used to probe the effect of conjugationdely used in
our laboratories in probing the physical stability of proteins. Some techniques were able to detect
differences among the tested IgG2 Fc variants while other techniques showed similarity in
results. These techniques usually complement et ¢o find differences and similarities in
proteins physical stability and some of them can be run in high throughput format to enable rapid
screening of drug candidates. Among the noticeable differences was a reduction in thermal
stability of the DBCOFc by 1 °C as detected by extrinsic fluorescence, and 0.6 °C as detected

by differential scanning calorimetry. This reduction in the thermal stabilityhefDBCO-
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conjugate can be attributed to a mild structural perturbation of IgG2 Fc due the bulkiness and
hydrophobicity of this cyclic alkyne compared to BCN and the linear alkynes. However, this
reduction in the thermal stability is obviously less than a larger reduction in the thermal stability
of the Fc upon the removal of the Asn297 glycan (i.e. degi§atesl Fc), which was used as a
benchmark to assess the thermal stability of these conjugates. These structural stability studies
could also suggest the ability of the Asn297 glycan as a conjugation site to accommodate
compounds having different physicoameal properties without impacting the antibody stability

significantly.

The physicochemical properties ah ADC are crucial in determining the safety,
efficacy, and stability of this category of biologié$> The site of conjugation and the DAR are
important factors in determinirn ADC6 physicochemical properties. For example, it has been
shown thaen ADC with a DAR of 4 is more effective and has a broader therapeutic indea than
similar ADC with a DAR of 8, although the latter has more payload and theoretstallyldbe
more potent>®* The rationale behind this discrepancy resides in the fact that most of the ADC
payloads and linkers are hydrayfic in nature. Hydrophobicity has been thought to be a
property which allows these payloads escaping the lysosomal degradation and helps diffusion out
to the site of actiof>®® However,the higher hydrophobicity of the ABthaving higher DAR
can also lead to poor pharmacokinetics and higher uptake of the ByD@ontarget cells such
as hepatocyte&® Another possibility for poor pharmacokinetics of ADC with high DAR,
especially ADG prepared usingandom payload conjugation through the natural amino acid
lysine, is the interruption of the antibe@gRn recycling mechanism, which represent a unique
process in elongating the hdife of the antibodybased therapeuti¢&® Conjugation through

the Asn297 glycan or even through a site that is close to this diysdbeen shown to mitigate
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the hydrophobicity of payloadand increase ADC stabiif®®*°®® This is probably due to the
hydrophilic nature of this sugar chain which has been shown to affect the solubility of exgtibod
significantly. Also,a higher solubility ofan antibody therapeutic is usually desirgl#epecially

when formulating a drug product for subcutaneous injection where the injection volume is
relatively small and a highly concentrated protein needs to be form@faltedhis work we
demonstrated the effect of different linkers on the hydrophobicity of the prepared conjugate
compared to the functionalized Fc using the REE&ipitation assay, a high throughput assay
which compares thapparent solubility (thermodynamic activity) of closely related prof&ifi%.
Although cyclic alkyne (DBCO and BCN) linkers resulted in some reduction in the Fc apparent
solubility, interestingly the linear alkyne linker (propargyl) resulted in an increase in the Fc
apparent solubility. Therefore, the type of the alkyne may also be cmtidben screening for

ADC with better solubility profiles and linear alkynes may be a better choice and may minimize
any further reduction in the solubility of the ADC upon conjugating a hydrophobic payload. On
the other hand, the dramatic reduction ie tleglycosylated 19G2 Fc solubility (thermodynamic
activity) compared to the glycosylated Fc shown in this study and previous studies should be
taken into consideration in studies where the removal or truncation of Asn297 glycan had to be

done to enable t&specific conjugatioR>°

In an ADC, the main cytotoxic effect comes from the payloachile in a naked
anticancermAb the toxicity depends largely on the antibody effector functions such as
ADCC."®"* Therefore, many strategiesave beenadopted to enhance effector funcgon
especially throughlycoengineeringf the Asn297 glycan by eliminating the core fuc&sie. an
ADC, recruiting effector cells may not always be desirable since the uptake of the immune

complex by effector cells could result in premature release of the cytotoxic payload inside these
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normal effector cellend hence narrowing the therapeutic index of the ADtRecently, 1gG

subcl asses with | ower effector functions medi
and 1gG4, have been utilized in constructing AD6 minimize this offtarget toxicity> We

chosethel g G2 Fc sequence in this study siexcepe it h
for F.cVdeRwanmted to test the effect of functionalizitgG2 Fc and making these
conjugates onhe binding to these receptors. It is well known that binding to these receptors is
highly affected bythe Asn297 glycan. Removal of this glycan in general abrodateso r ecept o
binding®’* Our results showethat the addition of @zido-L-fucose to the Asn297 glycan of

|l gG2 Fc reduced t-NE1jbstlikedthematurat stugarf-facose (chapter 2).
Likewise, the conjgates showed no detectable binding to this receptor and hence lower
probability of ADCC. On, the other hand the DB&OGnjugate showed a reduced affinity
Kp=6. 13 OM) -H13a commaedtd theanaked K;E2.23 uM) which was mainly due

to reduced assmtion rate of the conjugate to this receptor variant. AgagDBCO-linker has

the biggest alkyne used in this study and has one extra PEG residue and the mild structural
perturbation of the DBC&@onjugate shown in this study by the DSC and extringmréscence

andor a possible steric hindrance of the Fc/receptor interaction may explain this reduced affinity.
Any possible further reduction in binding to
hence lower effector function, could alsodmvantageou®. From this perspective, and from the
perspective of faster conjugation kinetics of DB@xixer compared to BCHNinker, the DBCQO

linker might be a better choice in making ssfeecific ADG through this strategy.

In conclusion, wedeveloped a method for sigpecific conjugation through the Asn297
glycan of IgG for a potential use in the development of next generatiors ADhis method,

we utilized FUTS8 for full functionalization of IgG2cdFAsn297 glycan with @zido-L-fucose, a
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modified fucose with a biorthogonal handle suitable for click chemistry conjugation. To
demonstrate thesuitability of this handle for conjugation we used different linkers
functionalized with different alkynes for sigpecific conjugation through thisahdle. All of

these linkers showed excellent conjugation efficiency and resulted in the formation of
homogeneous conjugates under mild reaction conditions. The conjugates were also tested for any
possible impact of the linkers added at this site on theetstial stability, solubility and binding
properties of the naked IgG2 .FThese properties were tested in a systematic way using
complementary biophysical analytical techniques, solubility assessment assay, anas&lI
binding studies. Therefore a comhtion of our synthetic platform, which can be used to
produce highly homogenus conjugates, with the experimental set up described here could
represent a powerful approach to screen for the impact of linkers or-tinkgron ADC
properties during diffant stages of drug development. Results from this study suggests the use
of linear alkynebased linkers coupled with optimized CuAAC to avoid a larger solubility
reduction and destabilization issues that might be associated with using cyclic ddageds
linkers. However, if the destabilization effect due to DBB&3ed linkers and solubility are
considered to be acceptable then linkers of this type might be preferred over others due to the
fast conjugation kinetics and possibility of reduced effector fumcn's medi at ed t hr
receptors. If SPAAC is intended to be used without even mild reduction in ADC stability,
solubility, and binding properties then B&hdsed linkers might be a better choice over DBCO

linkers.
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Materials and methods
Materials

GDP-fucose produced in house as shown in chapter 2. Amicon-18t@entrifugal Filter Units

with a molecular weight cutoff of 10 Da were purchased from EMD Millipore (Billerica, MA).
Protein G resin was produced as described previdtisiyCuSO4 was obtained from Alpha
Aesar (Tewksbury, MA). UDRK5ICNAc, Inorganic pyrophosphatase from baker's yeast (S.
cerevisiae), NADH, Pyruvate Kinase/Lactic Dehydrogenase enzymes from rabbit muscle, ATP,
GTP, Lfucose, and sodium ambate, were obtained from Sigmddrich (St. Louis, MO). 6
azido-L-fucose was purchased form Apollo Scientific (Denton, Manchester). DBEGG

Acid, endeBCN-PEG4Acid, and PropargyPEG4Acid were purchased from Broadpharm (San
Diego, CA). DeglycosylatedgG2 Fc was prepared as described in chapter 2 by treating

glycosylated 1gG2 Fc with PNGase F.
Production of afucosylated IgG2 Fc

A homogeneous afucosylated glycoform of IgG2 Fc as a substrate for FUT8 catalyzed
reaction (Figure 1 A) was produced in oabdratory as described in chapter 2. Briefly, the DNA
sequence corresponding to the amino acid sequence of human IgGZJcRC é . . S,P GK
Eu numbering) was subc!| o'fRictiaExpession KitPinvieagehh ( Ea s
plasmid for expression in the methylotrophic ydishia pastoris The 1gG2 Fc is then purified
from the growth media via protein G affinity chromatography followed by hydrophobic
interaction chromatography and weak cation hexge for further purification and
homogenization. Then the high mannose IgG2 Fc glycoform obtained from yeast expression was
subjected to amn vitro enzymatic synthesis to finally obtain the afucosylated hybrid IgG2 Fc

glycoform.
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Functionalization of IgG2 Fc Asn297 glycan

On-pot reaction

A onepot reaction using FKP and FUT8 (Figure 1) was followed for-speific
addition d the modified sugar-@zido-L-fucose to the Asn297 glycan of IgG2 Fc as following.
First, the FKP reaction was carried out id mM Tris HCI pH 7.5 buffer containing ATE
mM), GTP (5 mM), 6éazido-L-fucose (5 mM ), MgGI(5 mM), and FKP (120 pug/ml) at room
temperature to generate the activated sugar-@ifefucose After 12 hours, the FKP reaction
mixture was added to an equal volume (250 pl) of the hybrid 1IgG2 Fc (2.5 mg/ml Fc in 20 mM
Tris HCI buffer pH 7.5) solibn. The transfer of @ido-L-fucose from GDRzidofucose
generatedn situto the IgG2 Fc Asn297 gban was then initiated by adding 1.2 pU (10 pg) of
FUT8 produced irkE. coli as described in chapter 2.The reaction was incubated at 30 °C and
monitored for progress using-TOF LC/MS. This onegot reaction eventually went to
completion; however it requiretine days to convert all the afucosylated Fc into AzidoFucose

modified Fc (AzFuec) as shown in Figure B1 of the appendix.

Reaction utilizing purified GDRzidducose

GDP-azidofucose was synthesized chemoenzymatically and purified from the reaction
mixture as described in details in appendix B. Then the purified nucleotide sugar was used in
FUT8-catalyzed reaction for the functionalization of the Asn297 glycan of IgG2 Fc as following.
Before the reactiorgfucosylated 1gG2 Fc was dialyzed against 20 mEPES buffer pH 7.5.

The reaction mixture (20 ml) containing afucosylated IgG2 Fc (2 mg/ml),-&idiefucose (1
mM), and 130 pU of FUT8 was incubated at 30 °C. The reaction was monitoredTIBFQ

LC/MS until completion (1 day). By the end of the chemoenzyn@nversion, the reaction
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mixture was diluted with 20 mM MES buffer pH 6.2 (equilibration buffer) to a final IgG2 Fc
concentration of 0.1 mg/ml. Then, the diluted Fc solution is loaded into a protein G column (10
ml bed volume protein G column), pegulibrated with equilibration buffer, using a loading
flow rate of 6 ml/min. The flowthrough is also loaded into the column to ensure full recovery of
the Fc from the reaction mixture. The column is then washed with 5 CV of the equilibration
buffer followed by 5 CV of the equilibration buffer containing 500 mM NacCl. A final wash step
using 5 CV of the equilibration buffer is also conducted to get rid of the high salt concentration.
Eluting 19gG2 Fc was done by using 100 mM glycine buffer, pH 2.7 and theipmtlution is
immediately neutralized using 1M Tris HCI buffer, pH 9.0. The expected roashe
functionalized 1gG2 Fc is 26461.1 Da and the observed mass was 2&5H9%agure 3A). In

this process, 36 mg of the AzFlgG2 Fc was produced whiaworresponds to a yield of 90%.

Preparation of sitespecific IgG2 Fc conjugates usingzidealkyne cycloaddition

Production of the Propargyl conjugate

The propargyPEG4acid was conjugated to AzFRugG2 Fc using CuAAC to produce
PropargyFc conjugate (Fjure 1A). Before the reaction, the afucosylated IgG2 Fc was dialyzed
in 50 mM HEPES buffer pH 7.5. Also, a 20 mM proparB¥dG4Acid stock solution was
prepared by dissolving the required amount of propaP@G5acid in deionized water. The
solutions of @SO4 (20 mM), THPTA (50 mM), and sodium ascorbate (100 mM) were prepared
freshly before the reaction by dissolving the required amount of these reagents in deionized
water. Then, the CUAAC reaction was carried out as following. The afucosylated 1I9gG2 Fc was
mixed with propargyPEG4acid in a separate vial prior to the reaction to achieve a final

reaction concentration of 7.6 uM and 205 uM of the AzFacand propargyPEG4acid,
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respectively. On the other hand, the freshly prepared Cu&B mixed with THPTA in a
separate vial to achieve a final reaction concentration of 0.2 mM and 1 mM of,Gn8E0O
THPTA, respectively. Then both solutions were mixed together and the reaction was started by
adding the freshly prepared sodium ascorbata fmal reaction concentration of 5 mM. The
reaction was incubated at room temperature for 40 minutes then immediately followed by adding
15 volumes of EDTA solution (1 mM in 50 mM HEPES pH 7.5 buffers) to 1 volume of the
reaction mixture. Then, the mixeiwas concentrated back to initial volume using Amicon Ultra

15 Centrifugal Filter Units. The dilution and concentration step of the reaction mixture was
repeated one more time then followed by dialysis in the required buffer for subsequent studies. In
this process, 6 mg of propargybnjugate was obtained from 6.5 mg AzHur which
corresponds to a yield of 91%. The conjugate purity and integrity was checked usHRARIES

gel. The expected mass of the propaigyhjugate is 26720.1 Da and the observedsness

26718.9 Da as shown Figure 3B.

Production of the BCMonjugate

The BCNPEG4acid was conjugated to AzRIgG2 Fc using SPAAC to produce BEN
Fc conjugate (Figure 1A). Before the reaction, the AziFtiavas dialyzed in 50 mM HEPES
buffer pH 7.5. Also, &.5 mM BCNPEG4acid stock solution was prepared by diluting the
BCN-PEG4acid solution in DMSO (75 mM) with distilled water (1:10 dilution). Then the
reaction was carried out by mixing the AzHec and BCNPEG4acid to final concentrations of
7.5 UM and380 uM, respectively. The reaction was incubated at room temperature and checked
for progress by intact protein mass spectrometry. After two days, the reaction mixture was
diluted with 15 volumes of 50 mM HEPES buffer pH 7.5 to get rid of excess alkyne the

concentrated back to the original reaction volume using Amicon-Ugr@entrifugal Filter Units

115



followed by dialysis in the required buffer. In this process, 6.2 mg of -B@Nugate was
obtained from 6.5 mg AzFu€c which corresponds to a yield of 94¥he integrity and purity of
the BCNconjugate was checked by SIPAGE gel. The expected mass of the BGhjugate is

26901.5 Da and the observed mass was 26897.1 Da as shown in Figure 3C.

Production of the DBCé&onjugate

The DBCOPEG5acid was also conjuged to AzFuelgG2 Fc through the SPAAC
reaction to produce DBG®c conjugate as shown in Figure 1A. Again, before the reaction, the
AzFucFc was dialyzed in 50 mM HEPES buffer pH 7.5. Also, a 4.5 mM DBEG5acid
stock solution was prepared by diluting tbBCOPEG5acid solution in DMSO (4.5 mM) with
distilled water (1:10 dilution). Then the reaction was carried out by mixing the Az&wand
BCN-PEG4acid to final concentrations of 7.5 and 25 pM, respectively. The reaction was
incubated at room temperatuand checked for progress by intact protein mass spectrometry.
After 22 hours, the reaction mixture was diluted with 15 volumes of 50 mM HEPES buffer
(pH=7.5) to get rid of excess alkyne and concentrated back to the original reaction volume using
Amicon Ultra-15 Centrifugal Filter Units followed by dialysis in the required buffer. In this
process, 6.2 mg of BGNonjugate was obtained fro% mg AzFueFc which corresponds to a
yield of 93%. The integrity and purity of the DB@®@njugate was checked by SIPAGE gel.

The expected mass of the B&Nnjugate is 27056.6 Da and the observed mass was 27052.5 Da

as shown in Figure 3D.

Dynamic light scattering

Dynamic light scattering (DLS) was performed using a DynaPro plate reader (Wyatt

Technology, Santa Barbarg,A ) . Sampl es of l gG2 Fc wvariants

116



into 20 mM phosphate buffer (pH 6.0). The samples were analyzed at a concentration of 1
mg/ml. Samples were loaded into a 384 well flat clear bottom black plate (Corning Incorporated,
Corning, NY) and each sample was measured five times with an acquisition time of 30 sec each
ti me. The measur ement was perfor med at 25
semiconductor laser of 830 Awavelength, and the intensity of scattered light was medsatr

an angle of 158°. A viscosity value of 1.019 cP was used to calculate the hydrodynamic
diameter. The data was processed using a regularization analysis and intensity averaged diameter

values were reported.

Far-UV Circular dichroism

FarUV circular dchroism (CD) was performed using a Chiraspéus CD spectrometer
(Applied Photophysics, Leatherhead, UK) equipped with-@ogtion, peltiercontrolled cell
hol der . |l gG2 Fc variants were dialyzed overni
The samples were analyzed at a concentration of 0.2 mg/ml. The CD spectra of each IgG2 Fc
variant were recorded from 190 to 260 nm #nrth increment using a-thm pathlength quartz
cuvette. The temperature ramp wa$ s€t peromt e
an equilibration time of 2 min at each temperature. The mean residue molar ellipticity at 218 nm
was plotted as a function of temperature apdv@lues were determined by a fudrivative
method using Origin 2017 (OriginLab; NorthamptdviA). The same method was used to

calculate T, values for the following studies unless noted otherwise.

Extrinsic fluorescence

An extrinsic fluorescence melting study was performed with an Mx3005P gPCR system

(Agilent Technologies, Santa Clara, CA). IgG2 Fc variants samples were first dialyzed overnight
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at 4 C into 20 mM phosphate buf f elnvitroggmH 6. 0)
Carlsbad, CA) was added into protein solution (0.2 mg/ml) at a dilution factor of 1000. Protein
samples were excited at 492 nm and emission was collected at 610 nm. Samples were heated
from 25 to 99 C usi ng antifne of Zmirsdt eagh tesnperaire.a n d

The emission intensity was plotted as a function of temperatureavades were determined.
Time-resolved intrinsic fluorescence

The timeresolved intrinsic fluorescence of each 1gG2 Fc variant was measured using a
fluorescence lifetime plateeader (Fluorescence Innovations, Minneapolis, MN) equipped with a
tunable pulse dye laser and a RIC20 temperature controlled/@8plate holder (Torrey Pines
Scientific, Carlsbad, CA). The excitation wavelength was setmng#9and two emission filters
(310 nm longpass and 360/20 nm bgmads) were placed before a photomultiplier tube detector.
Protein samples (0.2 mg/ml in 20 mM phosphate buffer pH 6.0) were loaded into a 384 well
black bottom plate (Har&hell, BiocRad, U3\) and silicon oil was loaded onto protein samples
to avoid sample evaporation during thermal melt. The thermal melt was run from 25 to 90 °C at
2.5 °C intervals and samples were equilibrated for 2 min at each temperature. Fluorescence
decay waveforms wereecorded up to 100 ns. Two parameters (sum and moment) were
determined from the raw waveform by the Fll data analysis software (Fluorescence Innovations,
Minneapolis, MN). The sum (in mV*ns) is the peak area under the waveform curve and
represents the farescence intensity of the sample collected from the PMT detector. The
moment (in ns) is the intensigveraged time of the waveform plot and its mathematical
definition was described previously. Sum and moment were plotted as a function of

temperature and correspondingvalues were determined.
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Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed using a MicroCaC¥pillary
calorimeter (Malvern, UK) equipped with an autosampler (MicroCal, LLC, Northampton, MA)
and a sample tray holder. The temperature ramp was set from 10 t€ Hd@ scan rate of 60
C/ hr . Protein samples (0.5 mg/ ml i n 20 mM ph
min at 10 C before each run and a filtering
deconvoluted and apparent transition temapures were calculated using a 4tewo-state

equilibrium model in Origin 0 (OriginLab; Northampton, MA).

PEG-precipitation assay

The protocol for the high throughput version of the PEG assay for assessing apparent
solubility (thermodynamic activitydf the prepared IgG2 Fc variants wadoptedirom Toprani
et. al.(2016)>® Stock solution®f 20 mM phosphate buffer,pH 6.0 and 20 mM phosphate buffer
containing 40% w/v PE@G0,000 at pH 6.0 were mixed to prepare various concentrations of PEG
solutions ranging from 0 to 40% w/v PEG. A volume of 80 uL of the various-BEG0
solutions was addeto wells of a 96éwvell polystyrene filter plate (Corning #3504, Corning Life
Sciences, Corning, NYAIl protein samples werdialyzed into 20 mM phosphate, pH 6.0 and
then diluted to 1 mg/mL with the respective buffer. Twenty microliters (20 pL) of tbieip
stock solution (1 mg/mL) was then added to each well to a final protein concentration of 0.2
mg/mL. The plates were incubated overnight at room temperature and then centrifuged at 3,500
rom (1,233 rcf) for 15 min and the filtrate was collected inlear 96 well collection plate
(Greiner BieOne#655001, Greiner Bi@ne North America Inc., Monroe, NC). Subsequently,

50 uL of filtrate was transferred into a 384 well UV Star microplate (Grenier#788101). The
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fillrate was measured on a SpectraMax M5 -UNible plate reader (Molecular Devices,

Suunyvale, CA) at 280 nm to determine the protein concentration.

Curve ffgotinhmagioedpBEENt solubility deter mina:

The absorbance at 280 nm versus PEEB®00 (% w/v) data were fit to a standard four
parameter, modified Hi§lope sigmoidal curve equation usiRgthon (x,y)v.2.7.6.0, an open

sourcescientific and engineering development softwaased on python languag

~

0w W — (1)

where t= top plateau, b= bottom plateau, midsxis midpoint, and s=slope.

The %PEGiq values and apparent solubility value parameters were then calculated
from the resulting curve fias described in detail elsewhéfe.
Fc gamma receptors binding assays

The binding affinity and kinetics of the functionalized IgG2 Fc and the prepared IgG2 Fc
conjugates to Fco receptors we(Bld). Thesrsceptossed uUs
used i n t hese bi nld3 InH, sA@dJIIARIelsaa rf dF168FRVwdRd | | a
expressed in our laboratory using the ydishia pastoris The purified receptors were then
subjected to biotinylation at their-t&8rmini using sortase mediated ligation (chapter 2). Samples
were dialyzed in PBS (50 mM sodium phosphate, 150 mM NacCl, pH 7.4) to perform the binding
assays. Casein was added tosalinples and buffers at a concentration of 1 mg/ml to block any
possible norspecific binding. In these binding assays, the biotinylated receptor is first
immobilized on a streptavidin biosensor (Pall ForteBio LLC) to a response level of 1 nm. A new
baselire was then established by using a blank PBS solution. The sample solution is placed in the
sample holder to acquire the association phase of the binding sensorgram for 30 seconds.

Immediately after that, the sample solution was replaced by a blank PBiSrstduacquire the
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di ssociation phase #103rl1 H2 Oa ndd3Hacioaddsiglasday) fouf ¢ 0 R |

different sample concentrations were used and the sensorgrams from these concentrations were

used to fit the data and calculate the kinetic ratestemmts (ka and kd) and the equilibrium

dissociation rate constan(Kp). Dur i ng t hI81H hiodng lassay, the sample

concentrations were 0.5, -13]R bhding aseag, thd sa®dé wh i |

concentrations were 1.25, 2.5,5,and 10 yM. Ic a s e o f -158¥ eindikgcass&y) al higra

sample concentration (70 uM) was tested for any possible binding to this receptor. The binding

assays were performed at 25 and the data were fit using BLItz Pro software.

Sodium dodecysulfate-polyacrylamide gel electrophoresis (SEBFAGE)

SDSPAGE was performed as previously describagsing 12% gels. First, a protein
sample of about 5 pg was mixed with the appropriate voluirae3X reducing sample loading
buffer (240 mM Tris HCI pH 6.8, 6% SDS, 30% glycerol, 2.3 Mi@rcaptoethanol, and 0.04%
bromophenol blue) and boiled for five minutes before loading into the FASE wells. After
loading, the gel was developed by a applyengoltage of 180 Volts for 55 minutes using Bio
Rad power supply (Power PacE Basic Power).
staining the gel with Coomassie blue2B0 (Bio-Rad) solution for about one hour followed by
an overnight destaining usiregmixture of 25% methanol, 5% acetic acid, and 70% Millipore

water.
Intact protein mass spectrometry

Agilent 6520 Accuratévlass QTOF LC/MS equipped with ESI source was used to do all
the mass spectrometry analyses described in this chapter as desdobed be protein sample

at a concentration of approximately 0.3 mg/ml was first reduced with DTT (Invitrogen, Carlsbad,
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CA) to a final concentration of 10 mM. Then, 30 pl of the reduced protein sample was injected
into a reverse phase C4 column, 50 mm,mr6 I.D. (Vydac 214 MS, 300 @ or e si z e,
particle size) followed by a 5%0% solvent B gradient elution development within 7 minutes at

a flow rate of 0.5 mL/min. Solvent A was composed of 99.9% water, 0.08% formic acid, and
0.02% trifluoroacetic acidvhile solvent B was composed of 99.9% acetonitrile, 0.08% formic

acid, and 0.02% trifluoroacetic acid. Data acquisition was performed using Agilent Mass Hunter
Acquisition software (Version B.02.00) while data analysis was performed using Agilent Mass

Hunter Qualitative Analysis software (Version B.03.01).
Statistical analysis

Statistical analysis was done usingpairedt testto compare the different parameters. All
statistical analyses were performed usiggphPad softwareA p-value of less than 0.0vas

used as the criterion for statistical significance.

122



References

(1) Diamantis, N., and Banerji, U. (2016) Antibedsug conjugates an emerging class of
cancer treatmenBr. J. Cancerl14, 362 367.

(2) Beck, A., Goetsch, L., Dumontet, C., and Corvaia, N. (2017) Strategies and challenges for the
next generation of therapeutic antibodidat. Rev. Drug DiscoW6, 315 337.

(3) Panowski, S., Bhakta, S., Raab, H., Polakis, P., and Junutula, J. R. §&@ihecific
antibody drug conjugates for cancer theragpbs6, 34 45.

(4) Reusch, D., and Tejada, M. L. (2015) Fc glycans of therapeutic antibodies as critical quality
attributes Glycobiology

(5) Junutula, J. R. J. R., Raab, H., Clark, S., Bhaktd,.&pold, D. D. D., Weir, S., Chen, Y.,
Simpson, M., Tsai, S. P. S. P., Dennis, M. S. M. S., Lu, Y., Meng, Y. G., Ng, C., Yang, J., Lee,
C. C., Duenas, E., Gorrell, J., Katta, V., Kim, A., McDorman, K., Flagella, K., Venook, R., Ross,
S., Spencer, S. DLee Wong, W., Lowman, H. B., Vandlen, R., Sliwkowski, M. X., Scheller, R.
H., Polakis, P., Mallet, W., and others. (2008) Sppecific conjugation of a cytotoxic drug to an
antibody improves the therapeutic ind®bat. Biotechnol26, 925 32.

(6) Strop,P., Liu, S. H., Dorywalska, M., Delaria, K., Dushin, R. G., Tran, T. T., Ho, W. H.,

Farias, S., Casas, M. G., Abdiche, Y., Zhou, D., Chandrasekaran, R., Samain, C., Loo, C., Rossi,

A., Rickert, M., Krimm, S., Wong, T., Chin, S. M., Yu, J., Dilley, J., GirapRiggers, J.,

Fil zen, G. F. , O6Donnel |, C. J ., Wang, F. , My
(2013) Location matters: Site of conjugation modulates stability and pharmacokinetics of
antibody drug conjugate€hem. Biol20, 161 167.

(7) Schumacher, D., Hackenberger, C. P. R., Leonhardt, H., and Helma, J. (2016) Current Status:
Site-Specific Antibody Drug Conjugated. Clin. Immunol36, 100 107.

(8) Dennler, P., Fischer, E., and Schibli, R. (2015) Antibody Conjugates: From Heterogene
Populations to Defined Reagenstibodies4, 197 224.

(9) Chudasama, V., Maruani, A., and Caddick, S. (2016) Recent advances in the construction of
antibodydrug conjugatedNat. Chem8, 114 9.

(10) Kline, T., Steiner, A. R., Penta, K., Sato, A. Kallam, T. J., and Yin, G. (2015) Methods
to Make Homogenous Antibody Drug Conjugatesarm. Res32, 3480 3493.

(11) Agarwal, P., and Bertozzi, C. R. (2015) Sipeecific antibodydrug conjugates: The nexus
of bioorthogonal chemistry, protein enginegrimand drug developmeriioconjug. Chemz26,
1761 192.

(12) Vanbrunt, M. P., Shanebeck, K., Caldwell, Z., Johnson, J., Thompson, P., Martin, T., Dong,

H. , Li, G., Xu, H. , D6Hooge, F. ., Master son, L
D. G., Hartley, J. A., Howard, P. W., Grabstein, K. H., Bowdn A., and Marelli, M. (2015)
Genetically Encoded Azide Containing Amino Acid in Mammalian Cells EnablesSgéeific
Antibody-Drug Conjugates Using Click Cycloaddition ChemisByoconjug. Chem?26, 2249

2260.

123



(13) Zimmerman, E. S., Heibeck, T. H.,IIGA., Li, X., Murray, C. J., Madlansacay, M. R.,

Tran, C., Uter, N. T., Yin, G., Rivers, P. J., Yam, A. Y., Wang, W. D., Steiner, A. R., Bajad, S.

U., Penta, K., Yang, W., Hallam, T. J., Thanos, C. D., and Sato, A. K. (2014) Production of Site
SpecificAnt i body 1 Drug Conj ueNaturd Amind #dideipa Calit i mi z «
Free Expression SysteiBioconjug. Cheni25, 351 361.

(14) Rabuka, D., Rush, J. S., deHart, G. W., Wu, P., and Bertozzi, C. R. (2018peRitkec
chemical protein conjugationsing genetically encoded aldehyde talyst. Protoc.7, 1052
1067.

(15) WarderRothman, R., Caturegli, I., Popik, V., and Tsourkas, A. (2013) Sewgse
expressed protein ligation: Combining protein purification andspexific bioconjugation into a
single stepAnal. Chem85, 11090 11097.

(16) Martin, W. L., West, AP., Gan, L., and Bjorkman, P. J. (2001) Crystal structure at 2.8 A of
an FcRn/heterodimeric Fc complex: mechanism ofdedendent bindindviol. Cell 7, 867 877.

(17) Dal |l 6 Acqua, W. F.., Kiener, P. A, and
engineeredor enhanced binding to the neonatal Fc Receptor (FARB)ol. Chem281, 23514
23524.

(18) Wright, a, Sato, Y., Okada, T., Chang, K., Endo, T., and Morrison, S. (2000) In vivo
trafficking and catabolism of IgG1l antibodies with Fc associated carbdbegdod differing
structure Glycobiologyl0, 1347 1355.

(19) Zuberbuhler, K., Casi, G., Bernardes, G. J. L., and Neri, D. (2012) Fspesidic
conjugation of hydrazide derivatives to a vasctgageting monoclonal antibody in IgG format.
Chem. Commur8, 7100 7102.

(20) Okeley, N. M., Toki, B. E., Zhang, X., Jeffrey, S. C., Burke, P. J., Alley, S. C., and Senter,
P. D. (2013) Metabolic engineering of monoclonal antibody carbohydrates for anthagly
conjugationBioconjug. Chenm4, 1650 5.

(21) Ramakishnan, B., and Qasba, P. K. (2002) Structure s e d desi-gn of
gal act osyl tr adTh fwehr eqeally efficien( BadeGlgdlactosaminyltransferase
activity: Poi nt Al domaot spexificityd. Biol.aCdeen?73, 20838 20839.

(22) Zhu, Z., Ramakrishnan, B., Li, J., Wang, Y., Feng, Y., Prabakaran, P., Colantonio, S., Dyba,
M. a, Qasba, P. K., and Dimitrov, D. S. (2014) Specific antibodydrug conjugation through
an engineered glycotransferase and a chemically reactive MAjas6, 17 11.

(23) Van Geel, R., Wijdeven, M. A., Heesbeen, R., Verkade, J. M. M., Wasiel, A. A., Van
Berkel, S. S., and Van Delft, F. L. (2015) Chemoenzymatic Conjugation of Toxic Payloads to the
Globally Conserved MNslycan of Native mAbs Provides Homogsus and Highly Efficacious
Antibody-Drug ConjugatesBioconjug. Cheni26, 2233 2242.

(24) Zeqglis, B. M., Davis, C. B., Aggeler, R., Kang, H. C., Chen, A., Agnew, B. J., and Lewis, J.
S. (2013) Enzymenediated methodology for the sipecific radiolabelig of antibodies based
on catalystree click chemistryBioconjug. Cheni24, 1057 1067.

124



(25) Uozumi, N., Yanagidani, S., Miyoshi, E., Ihara, Y., Sakuma, T., Gao, C., Teshima, T., Fuijii,
S., Shiba, T., and Taniguchi, N. (1996) Purification and cDNA Cloafrigorcine Brain GDR.-
Fuc:N-Acetyl-b-D-G| ucosami ni de U1l YBidehemistrs2yl) 27810a27&17.er as e .

(26) Ihara, H., Ikeda, Y., and Taniguchi, N. (2006) Reaction mechanism and substrate specificity
for nucl eoti de s uduaosyltrasferase dAmarge $calea prepathtion énd
characterization of recombinant human FUG8;cobiologyl6, 333 342.

(27) Coyne, M. J. (2005) Human Symbionts Use a Hidst Pathway for Surface Fucosylation.
Science (80).307, 1778 1781.

(28) Wang, W., Hu, T., Frantom, P. A., Zheng, T., Gerwe, B., Del Amo, D. S., Garret, S., Seidel,
R. D., and Wu, P. (2009) Chemoenzymatic synthesis of-GillRose and the Lewis X glycan
derivativesProc. Natl. Acad. Sci. U. S. A06, 16096 101.

(29) Gosslin, S., Alhussaini, M., Streiff, M. B., Takabayashi, K., and Palcic, M. M. (1994) A
continuous spectrophotometric assay for glycosyltransferAsas. Biochem.

(30) Hong, V., Presolski, S. I, Ma, C., and Finn, M. G. (2009) Analysis and optimization of
coppercatalyzed azidalkyne cycloaddition for bioconjugatiodngew. Chemie Int. Ed. 48,
9879 9883.

(31) Presolski, S. L., Hong, V. P., and Finn, M. G. (2011) CoQpaalyzed AzideAlkyne
Click Chemistry for BioconjugatiorCurr. Protoc. Chem. BioB3, 153 162.

(32) Schoneich, C., and Williams, T. D. (2002) Cufllat al y z e d -amyioid peptideo n o f
targets His13 and His14 over His6: Detection ahx®-histidine by HPLEMS/MS. Chem. Res.
Toxicol.15, 717 722.

(33) Agard, N. J., Prescher, J. A.daBertozzi, C. R. (2004) A strajpromoted [3 + 2] azide
alkyne cycloaddition for covalent modification of biomolecules in living systdmam. Chem.
Soc.126 15046 15047.

(34) Deisenhofer, J. (1981) Crystallographic refinement and atomic models ahan hec
fragment and its complex with fragment B of protein A from Staphylococcus aureus ah@.9
2.8 .ANG. resolutionBiochemistry20, 2361 2370.

(35) Krapp, S., Mimura, Y., Jefferis, R., Huber, R., and Sondermann, P. (2003) Structural
analysis of huma IgG-Fc glycoforms reveals a correlation between glycosylation and structural
integrity.J. Mol. Biol.325 979 989.

(36) Teplyakov, A., Zhao, Y., Malia, T. J., Obmolova, G., and Gilliland, G. L. (2013) 1gG2 Fc
structure and the dynamic features of th® [gH2CH3 interfaceMol. Immunol 56, 131 139.

(37) He, F., Hogan, S., Latypov, R. F., Narhi, L. O., and Razinkov, V. I. (2010) High throughput
thermostability screening of monoclonal antibody formulatidn®harm. Sci99, 1707 1720.

(388) Toprani, V. M, Joshi, S. B., Kueltzo, L. A., Schwartz, R. M., Middaugh, C. R., and Volkin,
D. B. (2016) A MicrePolyethylene Glycol Precipitation Assay as a Relative Solubility
Screening Tool for Monoclonal Antibody Design and Formulation DeveloprdeRharm. Sci.

125



105, 2319 2327.

(39) More, A. S., Toprani, V. M., Okbazghi, S. Z., Kim, J. H., Joshi, S. B., Middaugh, C. R.,
Tolbert, T. J., and Volkin, D. B. (2016) Correlating the Impact of Welfined Oligosaccharide
Structures on Physical Stability Profiles of Ig&& Glycoforms.J. Pharm. Scil05 588 601.

(40) Gibson, T. J., Mccarty, K., Mcfadyen, I. J., Cash, E., Dalmonte, P., Hinds, K. D., Dinerman,
A. A., Alvarez, J. C., and Volkin, D. B. (2011) Application of a hitinoughput screening
procedure with PE@duced precipitatio to compare relative protein solubility during
formulation development with IgG1 monoclonal antibodle$2harm. Scil00, 1009 1021.

(41) Bruhns, P., lannascoli, B., England, P., Mancardi, D. A., Fernandez, N., Jorieux, S., and
Daxzr on, M. (20009) Specificity and affinity c
variants for human IgG subclassB&od113 3716 3725.

(42) WarmerdamP. A., van de Winkel, J. G., Vlug, A., Westerdaal, N. A., and Capel, P. J.
(1991) A single amino acid in the secondlilgg domain of the human Fc gamma receptor Il is
critical for human IgG2 bindingl. Immunol147, 1338 43.

(43) Parren, P. W., Warmerdar®. A., Boeije, L. C., Arts, J., Westerdaal, N. A., Vlug, A,
Capel, P. J., Aarden, L. A., and van de Winkel, J. G. (1992) On the interaction of IgG subclasses
with the low affinity Fc gamma Rlla (CD32) on human monocytes, neutrophils, and platelets.
Analysis of a functional polymorphism to human IgG@2Clin. Invest90, 1537 46.

(44) Shi el ds, R. L., Lai , J ., Keck, R. , O6Cor
A., and Presta, L. G. (2002) Lack of Fucose on Human Ig@&linkkd Oligosacchariel

Improves Binding to Human Fcgamma RIIl and Antibatpendent Cellular Toxicityl. Biol.

Chem 277, 26733 26740.

(45) Ferrara, C., Stuart, F., Sondermann, P., Brunker, P., and Umana, P. (2006) The
Carbohydrate at FRllla Asn162: AN ELEMENT REQUIRED F® HIGH AFFINITY
BINDING TO NON-FUCOSYLATED IgG GLYCOFORMSJ. Biol. Chem281, 5033 5036.

(46) Mizushima, T., Yagi, H., Takemoto, E., ShibK@myama, M., Isoda, Y., lida, S., Masuda,
K., Satoh, M., and Kato, K. (2011) Structural basis for improved efficzcyherapeutic
antibodies on defucosylation of their Fc glyca@snes to Cell§6, 1071 1080.

(47) Junutula, J. R., and Gerber, H. P. (2016) M&eneration Antibodyprug Conjugates
(ADCs) for Cancer TherapACS Med. Chem. Left, 972 973.

(48) Shen, BQ., Xu, K., Liu, L., Raab, H., Bhakta, S., Kenrick, M., ParsBeponte, K. L.,

Tien, J., Yu, SF., Mai, E., Li, D., Tibbitts, J., Baudys, J., Saad, O. M., Scales, S. J., McDonald,
P. J., Hass, P. E., Eigenbrot, C., Nguyen, T., Solis, W. a, Fuji, Flagella, K. M., Patel, D.,
Spencer, S. D., Khawli, L. a, Ebens, A., Wong, W. L., Vandlen, R., Kaur, S., Sliwkowski, M. X.,
Scheller, R. H., Polakis, P., and Junutula, J. R. (2012) Conjugation site modulates the in vivo
stability and therapeutic activitf antibodydrug conjugated\at. Biotechnol30, 184 189.

(49) zimmerman, E. S., Heibeck, T. H., Gill, A., Li, X., Murray, C. J., Madlansacay, M. R.,
Tran, C., Uter, N. T., Yin, G., Rivers, P. J., Yam, A. Y., Wang, W. D., Steiner, A. R., Bajad, S.

126



U., Perta, K., Yang, W., Hallam, T. J., Thanos, C. D., and Sato, A. K. (2014) Production-of site
specific antibodydrug conjugates using optimized noatural amino acids in a cdlee
expression systerBioconjug. Chen25, 351 361.

(50) Dennler, P., ChiotelljA., Fischer, E., Bregeon, D., Belmant, C., Gauthier, L., Lhospice, F.,
Romagne, F., and Schibli, R. (2014) Transglutamuiesed chemenzymatic conjugation
approach yields homogeneous antibaidyg conjugatedBioconjug. Cheni25, 569 578.

(51) Pan, H.Chen, K., Chu, L., Kinderman, F., Apostol, I., and Huang, G. (2009) Methionine
oxidation in human 1gG2 Fc decreases binding affinities to protein A and Pec&ein Sci.18,
424 433.

(52) Okeley, N. M., Alley, S. C., Anderson, M. E., Boursalian, TBarke, P. J., Emmerton, K.

M., Jeffrey, S. C., Klussman, K., Law,-C., Sussman, D., Toki, B. E., Westendorf, L., Zeng,
W., Zhang, X., Benjamin, D. R., and Senter, P. D. (2013) Development of orally active inhibitors
of protein and cellular fucosylatioRroc. Natl. Acad. Sci. U. S. A1Q 5404 9.

(53) Li, X., Fang, T., and Boons, G. J. (2014) Preparation of-defihed antibodydrug
conjugates through glycan remodeling and stpromoted azidalkyne cycloadditionsAngew.
Chemie- Int. Ed.53, 7179 7182.

(54) BesanceneWebler, C., Jiang, H., Zheng, T., Feng, L., Soriano Del Amo, D., Wang, W.,
Klivansky, L. M., Marlow, F. L., Liu, Y., and Wu, P. (2011) Increasing the efficacy of
bioorthogonal click reactions for bioconjugation: A comparativdystAngew. Chemielnt. Ed.

50, 8051 8056.

(55) Kalia, J., and Raines, R. T. (2008) Hydrolytic stability of hydrazones and oxkmgsw.
Chemie- Int. Ed.47, 7523 7526.

(56) Lhospice, F., Brégeon, D., Belmant, C., Dennler, P., Chiotellis, A., Fisch&atthier, L.,
Boédec, A., Rispaud, H., Sava@thambard, S., Represa, A., Schneider, N., Paturel, C., Sapet,
M., Delcambre, C., Ingoure, S., Viaud, N., Bonnafous, C., Schibli, R., and Romagné, F. (2015)
Site-Specific conjugation of monomethyl auristagnto AnttCD30 antibodies improves their
pharmacokinetics and therapeutic index in rodent molfels.Pharm.12, 1863 1871.

(57) Voynov, V., Chennamsetty, N., Kayser, V., Helk, B., Forrer, K., Zhang, H., Fritsch, C.,
Heine, H., and Trout, B. L. (2009) Damic fluctuations of protetsarbohydrate interactions
promote protein aggregatioALoS Onel.

(58) Ross, P. L., and Wolfe, J. L. (2016) Physical and Chemical Stability of Antibody Drug
Conjugates: Current Statuk.Pharm. Scil05 391 397.

(59) Acchiore, M., Kwon, H., Jochheim, C. M., and Atkins, W. M. (2012) Impact of linker and
conjugation chemistry on antigen binding, Fc receptor binding and thermal stability of model
antibodydrug conjugated, 362 372.

(60) Dimasi, N., Fleming, R., Zhong, H., Bee#ih B., Kinneer, K., Christie, R. J., Fazenbaker,
C., Wu, H., and Gao, C. (2017) Efficient preparation of-gtecific antibody drug conjugates
using cysteinensertion.Mol. Pharm.acs.molpharmaceut.6b00995.

127



(61) Wakankar, A. A., Feeney, M. B., Rivera,Ghen, Y., Kim, M., Sharma, V. K., and Wang,
Y. J. (2010) Physicochemical stability of the antibodiprug conjugate trastuzumdbM1:
Changes due to modification and conjugation proceBsesonjug. Chen21, 1588 1595.

(62) Chaudhuri, R., Cheng, Y., Miaugh, C. R., and Volkin, D. B. (2014) Hidihroughput
Biophysical Analysis of Protein Therapeutics to Examine Interrelationships Between Aggregate
Formation and Conformational StabilitAPS J16, 48 64.

(63) Wu, S. J., L u o,,Lacy E. R., @abzMm,iGl, BakeK A., Hoang, MKa n g,
Tang, Q. M., Raju, T. S., Jacobs, S. A., Teplyakov, A., Gilliland, G. L., and Feng, Y. (2010)
Structurebased engineering of a monoclonal antibody for improved solutilibtein Eng. Des.

Sel.23, 643 651.

(64) Lyon, R. P., Bovee, T. D., Doronina, S. O., Burke, P. J., Hunter, J. H-L&ldid, H. D.,

Jonas, M., Anderson, M. E., Setter, J. R., and Senter, P. D. (2015) Reducing hydrophobicity of
homogeneous antiboelirug conjugates improves pharmacokiogt@nd therapeutic indekat.
Biotechnol.33, 733 736.

(65) Stefano, J. E., Busch, M., Hou, L., Park, A., and Gianolio, D. A. (2013) Vac mid
scale maleimiddased conjugation of cytotoxic drugs to antibody hinge region thiols for tumor
targeting.Methods Mol. Biol.

(66) Zhou, Q., Stefano, J. E., Manning, C., Kyazike, J., Chen, B., Gianolio, D. A., Park, A.,
Busch, M., Bird, J., Zheng, X., Simontiannes, H., Kim, J., Gregory, R. C., Miller, R. J.,
Brondyk, W. H., Dhal, P. K., and Pan, C. Q. (2014) Specific antilmdy-drug conjugation
through glycoengineerin@ioconjug. Chenm5, 510 520.

(67) Okeley, N. M., Toki, B. E., Zhang, X., Je, S. C., Burke, P. J., Alley, S. C., and Senter, P. D.
(2013) Met abol i c Engineering of Monocl onal A
ConjugationBioconjug. Chem.

(68) Nathan Tumey, L., Leverett, C. Algetelino, B., Li, F., Rago, B., Han, X., Loganzo, F.,

Musto, S., Bai, G., Sukuru, S. C. K., Graziani, E. I., Puthenveetil, S., Casavant, J., Ratnayake, A.,
Marquette, K., Hudson, S., Doppalapudi, V. R., Stock, J., Tchistiakova, L., Bessire, A. J., Clark,

T. , Lucas, J. ., Hossel et , c., O6Donnel |, C. J
Tubulysin AntibodyDrug Conjugates: A Case Study in Addressing ADC Metaboli8@S

Med. Chem. Letf7, 977 982.

(69) Shire, S. J., Shahrokh, Z., and Liu, J. U. NO@GChallenges in the Development of High
Protein Concentration Formulatiods.Pharm. Sci93, 1390 1402.

(70) McDonagh, C. F., Kim, K. M., Turcott, E., Brown, L. L., Westendorf, L., Feist, T.,
Sussman, D., Stone, I., Anderson, M., Miyamoto, J., LyonARey, S. C., Gerber, HP., and
Carter, P. J. (2008) Engineered e&@b70 antibodydrug conjugate with increased therapeutic
index.Mol. Cancer Ther7, 2913 2923.

(71) vafa, O., Gilliland, G. L., Brezski, R. J., Strake, B., Wilkinson, T., Lacy, ES&allon, B.,
Teplyakov, A., Malia, T. J., and Strohl, W. R. (2014) An engineered Fc variant of an IgG
eliminates all immune effector functions via structural perturbatidethods65, 114 126.

128



(72) Beck, A., and Reichert, J. M. (2012) Marketing appro¥ahegamulizumab A triumph for
glyco-engineeringMAbs4, 419 425.

(73) Mimura, Y., Church, S., Ghirlando, R., Ashton, P. R., Dong, S., Goodall, M., Lund, J., and
Jefferis, R. (2000) The influence of glycosylation on the thermal stability and effectoiofunct
expression of human IgGHAc: properties of a series of truncated glycoforiisl Immunol37,

697 706.

(74) Okbazghi, S. Z., More, A. S., White, D. R., Duan, S., Shah, I. S., Joshi, S. B., Middaugh, C.
R., Volkin, D. B., and Tolbert, T. J. (2016) Protlan, Characterization, and Biological
Evaluation of WeHlDefined IgG1 Fc Glycoforms as a Model System for Biosimilarity Analysis.

J. Pharm. Scil05 559 574.

(75) Xiao, J., and Tolbert, T. J. (2009) Synthesis of polymerizable protein monomers for-protein
acrylamide hydrogel formatio®iomacromolecule0, 1939 1946.

(76) Petersen, K. J., Peterson, K. C., Muretta, J. M., Higgins, S. E., Gillispie, G. D., and Thomas,
D. D. (2014) Fluorescence lifetime plate reader: Resolution and precision meétrioggnput.
Rev. Sci. Instrun8s.

(77) Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage TANature227, 680 685.

129



Chapter 4

Summary, conclusion, and future directions

130



The highly-conserved Nylycan in the G2 domain of IgG isotype (Asn297 glycan) has
been shown to have a significant effect on the antibody properties. The Asn297 glycan supports
the underlying protein backbone and helpanaintaining the right conformatioof 1gG. This
glycanplays acrucialrole in the antibody effector functiohd pharmacokinetiés stability">"
physicochemical properties such as solubility ofahébody, as wellas immunogenicity The
challenge in producing an antibody with a homogeneous glycan (i.e. single glycoform) comes
from the fact that the glycosylation process is not a templaten cellular process® Unlike
the DNA transcription and RNA translation, thegNcosylation is mediated by a series of
glycosyltransferases and glycosidases pres¢ndifferent locations and abundancies in the
endoplasmic reticulum and Golgi apparatus. Therefore, during the protein journey through these
organelles, it will be decorated with different sugars depending on the availability of these
enzymes, availabilt of donor sugar substrates, protein transit time, and cell type. The net result
is a production of a protein having different glycoforntsis interesting to see a marketed
monoclonal antibody (mAb) product as supposed to contain a single active pharcadce
ingredient while in reality it can be a mixture of tens to hundreds of glycoforms that have the
same amino acid sequence but different glycan compositi@refore, to study each glycoform
carefully, we need a robust method that gemeratehomog@eous glycoforms in sufficient

guantities.

Human IgG2 is a leswell characterized IgG subclass in terms of it Asn297 glycar2 IgG
subclass has been utilized in making therapeutic mAb such as denosumab and panitumumab. The
relatively low effector function®f this IgG subclass made it a viable choice for designing
therapeutic mAb when the effector function mode of action is not needed or when the effector

functions, such as activation of the complement system, results in harmful eSevtyal
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research sidies were carried ouecentlywith the aim of introducing more reduction in the

effector functions of 1IgG2 through changing the amino acid sequence of the protein. Most of
these mutagenesis studies were carried out on amino acids that participate aliriectirectly

in the binding of l gG2 to the Fco receptors
mediated effector functions and activation of the complement system, respectively. IgG binds
Fco receptors and Cl1lq perhngeeegion anchuppeyydoman he ar
which is highly affected by Asn297 glycan. In most of these studies, the Asn297 glycosylation
profile was not taken into account especially the level of core fucosyf&tipraddition to that,

there is always a potential immunogenicity associated with changing the amino acid sequence of

a natural proteinConversely glycoengineering carries a lower immunogenicity potential and

might be used alone or in combination with other approaches to pursue same goals.

In order to study the effect of composition of Asn297 glycan on the properties of 1gG2
subclass, we developed an enzymatic synthesis approach to produce homogeneoudyand high
purified IgG2Fc glycoforms. Before this synthesis, we cloned the Fc region of the human IgG2
subclass in a suitable vector for expression of this glycoprotein in the glycosylafiorent
yeastPichia pastoristo produce relatively large laboratesgale quantities of 1I9gG2 Fc. The
Pichia pastorisglycosylation machinery produced a wellaracterized 1gG2 Fc with a high
mannose glycan which can be used as a starting material to produces other glycoforms. Large
amount of IgG2 Fc was produced from mukiermenter runs. Since, the yeast lack the Golgi
apparatus, further glycan processimgvivo is stopped and therefore the secreted IgG2 Fc
glycoform was of the high mannose type. The secreted high mannose IgG2 Fc was subjected to
further purification pocesses using protein G affinity chromatography, hydrophobic interaction

(HIC) chromatography and weak cation exchange (WCXhromatographyto isolate the
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glycoprotein from the growth media and produce diglycosylated 1gG2 Fc. The purified
diglycosylated G2 Fc of the high mannose type then became a convenient substrate to produce
the other interesting 1gG2 Fc glycoforms such as the hybrid and the fucosyaretllgG2 Fc
glycoforms usingn vitro enzymatic synthesis. The developedvitro enzymatic sythesis to
produce different 1IgG2 Fc glycoforms described in detailgehapter 2, provides a detailed
description on how to produce welaracterized and homogeneous glycoforms not only for
IgG2 Fc but also for allhe other proteins that have-g§lycosylation sites (NXS/T sequon) that

are accessible for{glycosylation. In this enzymatic synthesis we utilized a series of glycosidase
and gl ycosyltransfer ases -mannasidase a(BT3990),h &N bact
acetylglucosminlytransferasé (GnT-l ) , and ma fusoayitranaferaseU(EUTS). In

this synthesis we also utilized -fucokinase/guanosine -8iphosphatd_-fucose
pyrophosphorylase (FKP), an enzyrtteat enabled us to synthesize apdrify the natural
nucleotide sgar, GDP-fucose that isnecessary for FUT8 action and core fucosylation of the
An297 glycan. With the aid of FKP, we also succeedesynthesizingand purifying the non

natural sugar nucleotide, GERidofucose which enabled functionalization of the AZ97

glycan for bioorthogonal click reactions to make s$@ecific antibody drug conjugates as
described inchapter 3. FUT8 as a key enzymased in thisn vitro enzymatic synthesis was
produced in a novel way where, for the first time, we produced this mammalian enzyme in a
modified strain ofE.coli in sufficient quantities to do all the required experiments described in

this work.

An important Asn297 glycan pdsdnslational modification is the core fucosylation.
More than a decade ago, the core fucosylation was shown to reduce the binding of IgG1 to

FcoRIIla expressed on t h#Thisteduttianneindmgwasvwelk nat u
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correlated withthe reductionin IgG1 antibody dependemellular cytotoxicity (ADCC). This

finding drew the attention of many pharmaceutical companies and research groups to
glycoengineer mAb to have low level of core fucose and increase their efficacy through the
ADCC mode of action. This finding eventually resulted in a successful marketing of
afucoylated mAb with better efficacy such as mogamulizumab and obinutuzumab for treating
different types of cancer. However, here we decided to do the reverse, i.e. increasing the level of
core fucose within the Asn297 glycan of IgG2 subclass. Since, IgG2was éffector functions
dictated by i1ts | ower binding affinities to
goal was to redet he Dbinding mor e, especiall y2Fco FcoR
Therefore, we utilized the developed enzymaiiathesis for scaling ughe production othe
homogeneous fully fucosylated 1IgG2 Fc and compare it head to head with the afucosylated 1gG2
Fc. The study was also designed to test the effect of adding core fucose to Asn297 glycan on the
conformation andtability of IgG2 Fc using biophysical characterization methods. The addition

of core fucose resddt in a significant reduction (~ #88 o | d) of l gG2 Fc bind
compared to the absence of core fucose. Although IgG2 has a weak affinity to ¢pi®réc

start with, the avidity that can result from clustering of multiple receptors on the surface of the
immune effector cells upon engagement with the immune comp&xbe high enough to

induce a considerable magnitude of undesirable ABCTherefore, more reduction in the
monomeric binding through glycoengineering by introducing more core fucose to Asn297 glycan
would result in more reduction in any undesirable ADCC. Interestingly, the presence or absence

of core fucose did not c haRl8levariaint histrasultdlson g o f
suggests that IgG2 has a different mode of interaction to this recepiolgiG1l because binding

of 1gG1 to this receptor has been shown to be affected by core fucose in other studies. The
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addition of core fucose to IgG2 Fc did not appear to perturb the conformational stability of the
Fc probed using various biophysical chéeazation techniques and this means that producing
highly fucosylated mAlzan beacceptable from the stability perspective. Also, during the course
of in vitro enzymatic synthesis, FUT8 kinetics studiestlod transfer of core fucose to free
glycan compared d Asn297-bound glycan showed about #0ld differences inKy but same
Vmax Indicating lower affinity of FUT8 for protedbound glycan but similar transition states for
both glycans. This result could also provide additional evidence on thenotynature of the
Asn297 glycan relative to the surrounding protein backbone seen in other'Sttfdiesl may
also expand our understanding of the role of Asn297 glycan intdimeg the antibody
conformation and effector function®©ur enzyme kinetics studies also showed tAah297 is
more accessible site for GATand FUT8 than a second but unusual glycosylation site injBe C
domain of IgG2 Fci(e. Asn392 site).This difference in glycosylatiosite accessibility may also
explain the glycosylation heterogeneity observed andifgyent glycosylation sites on the same
protein as reported in previous studies amdn increase our understanding of glycoproteins

biosynthesis.

Since, antibody drug conjugates (AE)Gnode of action relies on the cytotoxicity of the
payload to eliminat the cancer cells and does not require activation of the effector functions; we
were also interested in designing AB€mploying human IgG2 subclass as tiéb part of this
type of products. It has been postulated that elimination of theneellated e#ctor functions
could increase the ADC specificity and reduce any possibiagfét toxicity bythe uptake of
these molecules by the immune effector cBlislso, current ADC research focuses on redgcin
the heterogeneity of the marketed A®&nd developing new technologies to introduce the

payload on specific sites on the mAb part of ADC instead of random conjugation through the
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lysine or cysteine residues using conventional conjugation chemistry. apfpsoach of
conjugating the payload at specific sites with a defined drug to antibody (EXBhas been
shown to improve the ADC stability, pharmacokinetics, and eventually increase the safety and
efficacy of the product®!’ Therefore, we sought to create a specific site of conjugation within
the Asn297 glycan of the antibody to expand the number of the present technologies of
producing ge-specific ADGs. Thisspecificsite was created with the aid of FUT8 as described in
chapter 3. First, aur synthetic platform described in chapter 2 enabled us to produce sufficient
guantity of the afucosylated hybrid 1I9gG2 Fc glycoform that can work sagbsatrate for FUT8

since ths enzyme requires the presence of unblockedcBtylglucosamine (GICNAc) on the
nonreducing terminal of the glycaim addition we were able to produce and purify a modified
fucose nucleotide sugar (GERidofucose) that cahe utilized by FUT8o transfer the modified
fucose (Bazido-L-fucose) to the Asn297 glycan of 1IgG2 Fc. We succeeded in optimizing FUT8
reaction conditions to produce fully functionalized IgG2 Fc with this amddified sugar for
conjugation with alkyne functionalized compounds through the bioorthogmridealkyne
cycloaddition (AAC). As a proof of concept to test the accessibility of the created site for
conjugation reactions, we used three compounds (linkers) functionalized with different types of
alkyne. The alkynes used needed different reaction conditionsctowih the 6azido-L-fucose
presentson the Asn297 glycan of IgG2 Fc. Also, the alkyne parts of these three compounds
(linkers) have different physicochemical properties (diffene andhydrophobicity) which

could ultimately affect the final construptoperties. The linkers used were one linear alkyne
linker (PropargylPEG4acid) and two cyclic alkyne likers (BGREG4acid, and DBCEPEG5

acid). The Propargyl linker is the smallest and the least hydrophoké mong these linkers

while the DBCQIlinker is the largest linker and the most hydrophaime The conjugation
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reactions wre carried out either throughopper(l)-catalyzed azide-alkyne cycloaddition
(CuAAC) or throughstrain promotedazide-alkyne cycloaddition (SPAAC) using different type

of cyclic alkynes. After successful optimization of the conjugation reactions, we produced
sufficient quantities of homogeneous conjugates to study the effébe dihker type on the
structural stability, solubility, and binding of these conjugatesdmF r ecept or s. As
these studies showed that the overall conjugate properties can be also affected by the payload
(linker) properties. For example, the Propa#gyker did not reduce the solubility
(thermodynamic activity) of the conjugate whikeetcyclic linkers, especially the DBCldker,
resulted in some reduction in the conjugate solubility (Thermodynamic actwmagsured by
PEGyprecipitation assayAnother effect observed here was the reduction in the DBEO
conjugate thermal stability asested by differential scanning calorimetry and extrinsic
fluorescence compared to the thermal stability of the naked Fc or the other conjugates. Binding
to FcoRIla was al s eFc comubatec cordparédaa thetother cobjlRy@ed
presumably du¢o the larger size of the DBGlinker which can produce more conformational
changesinthe2 domain of the Fc. I nterestingly,
can be also advantageous when designing éBad could reduce any potential -tdirget
toxicity. However, the reduction in the DBG&njugate stability can be considered marginal
when compartedotthe stability oflgG2 Fc upon the removal of the whole Asn297glycan (i.e.
deglycosylated Fc). Therefqreonjugation through the core fucosgesof Asn297 glycan
without eliminating this glycan, which could help in mitigating any negative effect due to
conjugating the usually hydrophobic payloads, would be an attractive approadhefor
production of sitespecific ADG with improved propertiesMoreover, combining the sie

specific functionalization of IgG2 Fc described in this study with the optimized conjugation
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reaction conditions and the experimental setup followed, could provide a powerful approach to
screen for different linkers/ linkgrayloads at different stages of drug development to eventually

develop ADC with better safety, stability, and efficacy profiles.

Lastly, the developed enzymatic synthesis described in this work can be extatioed
by producing the other type of glycoforms, especially the galactosylated and sialylated
glycoforms. This can be done by utilizing other enzymes such as mannosidase I,
galactosyltransferase, and sialyltransfesagse well as the necessary nucleotide sudars
reactions catalyzed by these enzyméBese terminal sugars in the Asn297 glycan of IgG1
subclass have been shown to affect the antibody effector functions where sialic acid mediate
antrinflammatory effect, while the presence or absence of galacaseaffect the antibody
interaction with the complement system. On the other hand, the novespsitic
functionalization of IgG2 Fc at Asn297 glycan described here using FUT8 can be used to
functionalize a suitablefull-length 1gG2 with certain spaficity to tumor cells. Te
functionalization ofigG2 canbe thenfollowed by conjugating different types of toxic payloads
connected tdifferent linkersto produce sitespecific ADG that can be tested icell-based

assays and animal models.
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Appendix

Two appendices are attached to this dissertation where appendix A provides
supplementary information f&€hapter 2 while appendix B provides supplementary information

for Chapter 3:

Appendix A

34.6 A ——— <= Diglycosylated

cm— <= Mono-glycosylated
WS <= Nonglycosylated

14.3

Figure Al. SDSPAGE analysis under reducing conditions using 12% gels of IgG2 Fc variants
expressed ifPichia pastorisand purified by protein G affinity chromatography. Lane 1 is 1gG2
Fc-(N297, N392) which has a second glycosylation site at Asn392 and shows three bands (di
glycosylated, monglycosylated, and neglycosylated Fc monomers from top to bottom) on the
geldepending on the extent of site occupancy of these two glycosylation sites. Lane 2 is for IgG2
Fc-(N297, K392) which has only the consensus Asn2gyiyidosylation site and shows only two
bands (no dglycosylated Fc monomer) on the gel depending on whéfine site is occupied

with N-glycan or not.
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Figure A2. Removal of phosphorylated IgG2 Fc fractions from 1gG2 Fc expressed in OCH1
deleted strain olPichia pastorisusing weak cation exchange (WCX). Intact protein mass spectra
under reducing conditions of: A) IgG2 Fc purified only by protein G chromatography from the
expression media. The encircled peak corresponds to the massgifyoosylated Fc monomer;

B) 1gG2 Fc obtained by further purification using HIC (removing hemiglycosylated Fc); C, D,
and E) represent earlier, intermediate, and later fractions in the elution of IgG2 Fc from the WCX

column. Starred peaks correspond to the IgG2 Fcs containing phospitbgliatars.
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Figure A3. Western blot analysis showing different results of FUT8 expression in SHufflle T7 E¥press

coli using different plasmid constructs. Mouse dmstidine-tag antibody and goat amtiouse alkaline
phosphatase antibody wewnsed as the primary and secondary antibodies, respectively. The histidine
tagged proteins were visualized usingt e pE NBT/ BCI P col or devel opment
two histiding-tagged proteins with known molecular weight used as references. Jthef labels are

shown above the lanes. The calculated molecular weights of -HJaBd MBRFUT8-Hs are 58 kDa and

100.5 kDa, respectively. Enzyme from lane 9 was used in all subsequent experiments that required FUT8
in this study.

Note: Maltose binding prtein (MBP) fusion to FUT8 was tried at the beginning to make FUT8 in the SHuffle T7

ExpressE. coli. However, FUT8 within this fusion protein was inactive.
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Figure A4. SDSPAGE analysisunder reducing conditions using 12% gels of different IgG2 Fc
glycoforms. Lane 1 is high mannose glycoform. Lane 2 is Man5 glycoform. Lane 3 is GIcNAcMan5
(hybrid) glycoform. Lane 4 is GIcNAcMan5F (Fuc(+) hybrid) glycoform. Lane 5 is Endigested
glycoform. Lane 6 is PNGase Bigested Fc.
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Figure Ab. Using biolayer interferometry (BLI) t

through sortasemediated ligation. During phase 1, PBS checked against dnydrated
streptavidin biosensor. During phase 2, eithe
ornonbi otinylated Fco receptor ( or amigtien akiliidyns or gr
to streptavidin biosensors. Phase 3 is switching back to PBS. The experiment indicated that
sortasemediated ligation reaction resulted in biotinylating the receptor for immobilization onto

the surface of the biosensor. However, there waslgtectable level of immobilization of the
nonbiotinylated receptor, which was used as s negative control to check for any possible non

specific immobilization.
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Figure A6. Distorted biolayer interferometry (BLI) binding sensorgram for bindihghe

concentrated Fuc(+) hybrid | g\@28. Upmer sgnsoggcamf or m

is before baseline correction while the lower sensorgram is after based line correction.
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Index| Sample ID | Conc. (UM)| Information| KD (M})| ka (1/Ms)| ka Error| kd (1/s) | kd Error | Rmax| Rmax Errar| R equilibrium
Fuc(+) 70 14e3 6081e2 5.734e2 8516e-1 2638e-2 1574 1.449 0.07493
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Index| Sample ID | Conc. (UM)| Information| KD (M) | ka (1/Ms)| ka Error| kd (1/s) | kd Error) Rmax| Rmax Error| R equilibrium
Fuc(+) 70 21842 3343e1 2498e2 7301e-1 1.17e-2 4752 3545 0.1518

Fuc(+) hybrid/ ko x 10F kgx 107 Ko (UM),
FcCoRI Il a | (1/Ms) (1/s) Kinetic?
1%'run 4.24 9.94 2.34 x 16

2"%run 6.10 8.52 1.40 x 16

3%run 0.33 7.30 2.18 x10*
Average 3.55 8.58 2.42 x 10

Std. Dev. 2.94 1.32 2.03 x 16

Calculated via error propagation calculator using the kinetic rate constants

Figure A7. BLI sensorgrams for the bindV1B&usitguc ( +)
70 UM Fc concentration and subsequent calculation of the binding constants from this
interaction. The binding at 70 uM was repeated three times as shown in thesahsgsgrams

to calculate the average, kg, andKp.
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Production of 1IgG2 Fc with truncated Asn297 glycans for stability (DSC) studies

Other IgG2 Fc glycosylation variants were also produced in this study umsivigyo
enzymatic truncation reactions and these glycoforms are the deglycosylated 1gG2 Fc, and an
IgG2 Fc that bears only the first GIcNAc in its Asn297 glycosylation site (GleN&2 Fc).

The deglycosylated IgG2 Fc was produced by treating high mannose IgshFeNGase F
followed by protein G affinity purification, while the GIcNAgG2 Fc was produced by treating
high mannose 1gG2 Fc with Endoglycosydase H followed by protein G affinity purification. A
total of about 20 mg of each of these truncated IgG3lffcoforms were produced and their

intact masses were checked using QF LC/MS (Figure AAL, also see Figure A4 lanes 5 and

6).
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Figure AAL. Intact protein mass spectra under reducing conditions of: a) Ehgested 19G2
Fc; b) PNGase #igested IgG2 Fc. Both of these forms of truncated Fcs were purified from the

endoglycosidases by protein G affinity chromatography
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IgG2 Fc expression construct

A cDNA of a human 1gG2 heavy chain constant region (plasmid MG&14) was
obtained from the mammalian gene collectiamd utilized as a template for PCR amplification
of human IgG2 Fc encoding DNA (C226447) using 5
ggcccgctcgagaaaagatgcccaccgtgcccagedices a forward primer and-&ygcccgeggeggecge
tcatttacccggagacagggagagas a reverse priméf The resulting PCR product and the plasmid
pPl CZzU A (MPahiafEspeebsoreKit, Invitrogen) were then digested with Xhol and
Notl restriction endonucleases. T4 DNA ligase was used ttelifg@ cut PCR product into the
pl asmid and the |ligation product wescolt r ansf
Selection of positive colonies was done using LB plates containing zeocin, and plasmid DNA
from positive colonies was submitted for DNs&quencing to confirm correct insertion of 1IgG2
Fc DNA. The resulting construchamedplgG2 Fe(N297, N392), was linearized by Sacl
endonuclease and transformed into an electrocompetent, @€leted strain of SMD1168
Pichia pastorisproduced previouslyni our laboratory. Positive yeast colonies for recombinant

protein production were selected on YPD plategaioingzeocinantibiotic.
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Site-directed mutagenesis to produce IgG2 Fc glycosylation site variants

Different IgG2 Fc glycosylation site variants (Figure 1, Chapter 2) were produced in this
study using the cDNA of human 1gG2 heavy chain (plasM{@&C-71314) obtained from the
mammalian gene collectidn.The plasmid MGE71314 codes for an unusual 1gG2 Fc
polymorphism,Asn392. This polymorphism results in an additionaliMked glycosylation site
in the G43 domain of IgG2 Fc in addition to the consereh297 glycosylation site located in
the Gy2 domair? This results iran 1gG2 Fc with two glycosylation sites, oneAan297 and the
other atAsn392. While this is a naturally occurring polymorphism, it is not the accepted
consensus sequence for 1gG2 *FEherefore, sitalirected mutagenesis was conducted with
p r i me-gcagccdydaacaactacaagaccaca&toc a rgghggthtggtctigtagttgtictccgget@ed
using the plgG2 F¢N297, N392) plasmid as tenape to convert the asparagine at position 392
to a lysine to match consensus sequence and produce plasmid plg829F¢ K392), hereby
referred to as plgG2 Fc to reflect it being the consensus sequence. In addition, to study the effect
of glycosylation ges on FUT8 enzyme kinetics, an additional glycosylation site variant was
produced where the original plgG2-B4297, N392) plasmid was mutated using primers 5'
cacacggaacgtgctttggaactgctccte&@nd 5'cgggaggagcagticcaaagcacgttccgi@jtep produce an
IgG2 Fc variant where the asparagine at position 297 has been mutated to a glutamine, resulting
in the plasmid plgG2 FQ297, N392). Both plasmids plgG2 Fc and plgG2(8297, N392)
were transformed into the same glycosylatit@ficient yeast strain agscribed above for plgG2

Fc-(N297, N392).
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Expression and purification of 1IgG2 Fc

IgG2Fc was expressed in an OCH1 deleted straipictiia pastoris using a BioFlo 415
fermenter (Eppendorf) on a 7 liter scale as described previously by Okbazgtfi Buring
fermentation, glycerol is used first to build up the yeast biomass followed by methanol feeding to
induce IgG2 Fc expression from the 1gG2 Fc gene cloned downstretira A® X1 promoter.

The expressed IgG2 Fc, which is secreted into the growth media, was purified by protein G
affinity chromatography. In this purification, the media was centrifuged and filtered and then
loaded into a protein G column (20l bed volume) guilibrated with 10 column volumes (CV)

of 20 mM potassium phosphate buffer, pH 6.0. The column was then washed with 5 CV using
column washing buffer (20 mM potassium phosphate buffer pH 6.0 containing 500 mM NacCl)
and then with 5 CV using the same bufifiert without NaCl. The protein was eluted with 100
mM glycine buffer, pH 2.7 and the protein solution was immediately neutralized using 1M Tris
HCI buffer, pH 9.0. Using this procedure, about 50 mg of IgG2 Fc is obtained ffom 1
fermentation media. Threel7fermentations were conducted to produce about 1g of the IgG2 Fc
used in these studies. A second purification step using hydrophobic interaction chromatography
(HIC) was also carried out to separate hemiglycosylated Fc from the diglycosylated Fc, Briefly
phenyl s e p performaneefesim (G Healthcare) column (125 ml, packed in house)
was equilibrated with 5 CV of buffer A ( 20 mM sodium phosphate buffer, pH 7.0 containing 1
M ammonium sulfate) using an AKTAmicro chromatographic system (GEHteaé). Then, 50

mg of the protein Gpurified IgG2 Fc pralialyzed in buffer A was loaded into the column
followed by a 2 CV washing step using buffer A. A segmented gradient elution using buffer B
(20 mM sodium phosphate, pH 7.0) was then applied toctdiemn using three gradient

segments as following: gradient segment 1 -&8%0 buffer B, 2.5 CV), gradient segment 2
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(33%-55% buffer B, 3.5 CV), and gradient segment 3 (§830% buffer B, 2.0 CV). The elution
fractions containing the diglycosylated IgG2 (&s checked by SDBAGE and intact protein
mass spectrometry) were pooled together and concentrated by an Amicelb uteatrifugal

filter unit with a resulting yield of 27 mg diglycosylated Fc. Finally, weak cation exchange
chromatography (WCX) was liged to further purify 1I9gG2 Fc. In this purification, 50 mg of
diglycosylated 1gG2 Fc was dialyzed in buffer C (20 mM sodium acetate buffer pH 5.8) before
loading into a Macrd’rep CM ion exchange support (BRad laboratories) column (100 ml,
packed in buse). The column was then washed with 2 CV of buffer C. Then buffer D (20 mM
sodium acetate buffer pH 5.8 containing 500 mM NaCl) was used to develop a linear gradient
(0%-50% buffer D, 10 CV) for elution of IgG2 Fc. Several fractions were collectedsatites
eluted Fc peak and checked byTQF LC/MS for intact protein mass (Figure A2). Using this
WCX, a yield of 26 mg of nophosphorylated high mannose IgG2 Fc was obtained from the

originally loaded 50 mg Fc.
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Expression and purification of IgG2 Fc(Q297, N392)

IgG2 Fe(Q297, N392) was produced in spinner flasks in a manner similar to that
described for IgG2 FcThe protein expression was started by inoculating 2 ml of YPD media
(1% yeast extract, 2% peptone, 5% glucose) containing 100 pg/mL zeocimotantiith the
transformed yeast. After three days of incubation at°@5with shaking, the culture was
transferred into 50nl YPD media and incubation continued for three additional days. Tnel 50
culture was then transferred intoL of buffered glycerbcomplex media (BMGY) containing
0.004% histidine and 0.00004% biotin. The yeast growth was continued gpibner flasks for
two days to build up the yeast biomass and consume the initially supplied glycerol. 1gG2 Fc
(Q297, N392) expression was therduced by feeding the yeast with methanol. During the
methanol feeding phase, the yeast was supplied with methanol to a final concentration of 0.5%
by adding 25 ml of 20% methanol in water solution to each spinner flask every 12 h. Methanol
feeding continue for 2.5 days and IgG2 K297, N392) was then harvested following the
same procedure described above for harvesting of IgG2 Fc using protein G affinity
chromatographyUsing this procedure, 140 mg of high mannose IgGZQ@297, N392)was
obtained from the -L fermentation. Hydrophobic interaction chromatography was also used as
described above to isolate the diglycosylated Fc from the hemiglycosylated Fc (Figure AA2).
The expected masses for the Man8 and Man9 {@BlalNAc, and MaRGIcNAc,) glycoforms of
high mannose IgG2 FH®Q297, N392)are 26556.65 Da and 26718.79 Da, and the observed

masses for these glycoforms as shown in Figure AA2 below are 26553.9 Da and 26715.85 Da.
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Figure AA2. Characterization of the produced IgG2(©297, N392) variant expressed in
glycosylation deficientPichia pastorisA) SDSPAGE analysis under reducing conditions of
IgG2 Fc(Q297, N392). Lane 1 shows the recombinantly expressed Pcha pasoris after
purification by protein G affinity chromatography. The upper band represents the- mono
glycosylated Fc chain, while the lower band represents theglyoosylated Fc chain due to
incomplete glycosylation site occupancy usually encountered fiolipthie expression of the Fc

in Pichia pastoris Lane 2 shows IgG2 H®297, N392) after removal of the hemiglycosylated

Fc dimer using hydrophobic interaction chromatography (HIC) described in the methods section
of the manuscript. The single band in l&heepresents only the mombycosylated Fc chain that
comes from reducing the diglycosylated Fc dimer. B) Intact protein mass spectra under reducing
conditions (10 mM dithiothreitol) of the expressed FdPichia pastorisafter purification by

only proten G affinity chromatography ( spectrum 1) and after HIC purification (spectrum 2)
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FUTS8 expression construct

A construct was designed to express the soluble catalytic domain of mouse FUTS8
(residues 68 to 575) with a-€rminal histiding-tag in E. coli. PCR was used to amplify the
FUT8 DNA sequence from cDNA clone MGI1418 obtained from the mammalian gene
collection® using 5‘ggcccgcatatgcgaataccagaaggecccattgaccagigama forward primer and-5'
ggeccggceggagctcttaatgatgatgatgatgatgtttttcagcttcaggatatdtgag a reverse primer. The PCR
product as well as the pET30a vector (Novagen) were digested with Ndel and Sacl restriction
endonucleases. T4 DNA ligase was used to ligate the cut PCR produttteirtiot plasmid and
the | igated product was tr anE.fcdiceitse$electiomifo el e
positive colonies was done using kanamycin on LB plates and the correct FUT8 DNA sequence

was confirmed by DNA sequencing.
FUTS8 expression ad purification

A 6-ml Luria Broth (LB) culture containing (
the pFUT8/pRAREZSHuffle T7 Express strain and incubated in a shaker incubator°& &%
about 12 h. This starting culture was then transferred iit@fLlLB medium and incubated at 37
°C for few hours with shaking until the O.D. at 600 nm was 1.2. Then FUT8 expression was
induced with IPTG (0.2 mM) and the culture was incubated with shaking for 16 hours@t 16
The culture was then centrifuged and tadl pellet was resuspended in 30 ml of resuspension
buffer (20 mM Tris pH = 7.8, 300 mM NaCl, 5% glycerol). The cells were disrupted with
sonication followed by centrifugation at 23700 g for 30 min. The supernatant was then loaded
into a 5 ml NiNTA agapose resin (QIAGEN) column pequilibrated with the resuspension

buffer. The column was washed with 500 mL of washing buffer (20 mM Tris pH 7.8, 300 mM

156



NaCl, 5% glycerol, 20 mM imidazole) and the enzyme was eluted with 250 mM imidazole. The
enzyme solutio was then dialyzed against 50 mM Tris HCI, pH 7.5 buffer and concentrated by

Amicon ultral5 centrifugal filter unit.
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General procedure utilizing protein G affinity chromatography for the purification of IgG2

Fc glycoforms

At the end of the chemoenzwtic conversion of 1gG2 Fc into the desired 1gG2 Fc
glycoform, the reaction mixture is diluted with 20 mM MES buffer pH 6.2 (equilibration buffer)
to a final 1gG2 Fc concentration of 0.1 mg/ml. Then, the diluted Fc solution is loaded into a
protein G colum (about 20 mg total Fc is loaded into ariDbed volume protein G column),
pre-equilibrated with equilibration buffer, using a loading flow rate of 6 ml/min. The-flow
through is also loaded into the column to ensure full recovery of the Fc from thmsrmreact
mixture. The column is then washed with 5 CV of the equilibration buffer followed by 5 CV of
the equilibration buffer containing 500 mM NaCl. A final wash step using 5 CV of the
equilibration buffer is also conducted to remove the high concentratisaltoElution of IgG2
Fc is accomplished by using 100 mM glycine buffer, pH 2.7 and the protein solution is

immediately neutralized using 1M Tris HCI buffer, pH 9.0.
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Expression and purification of FKP

A 6-ml Luria Broth medium (LB) containing kanamyax ( 50 e€g/ mL) were i no
FKP expressing Rosetta 2 frozen stock and inc
h. These three starting cultures were then transferred into 2.8 L culture flask containing 1 liter of

LB having 50 pg/ml knamycin and incubated at 37 °C with shaking until .6¢R, reached

about 1.5 (usually about-@& h).Protein expression was induced with 0.2 mM IPTG at room
temperature for about 8 h. The culture was then centrifuged and the cell pellets were re
suspendedn 30 ml of resuspension buffer (20 mM Tris pH=7.8, 300 mM NaCl, 5% glycerol)

after discarding the supernatant. Then, the cells were subjected to a 5 min sonication time at 60%
amplitude and spun down at 14,000 rpm. The supernatant was then loaded onkdNaNTA

agarose resin column peguilibrated with the resuspension buffer. The column was washed

with 200 mL of resuspension buffer plus 10 mM imidazole. Thealged protein was eluted

with the suspension buffer containing 250 mM imidazole. Elygexdein was then dialyzed

against 25 mM HEPES (pH 7.5) buffer. The protein was checked with-PH&E, its
concentration was measured by UV absorbance at 280 nm using 1506661 Mextinction

coefficient, and finally stored in 50% glycerol-a0 °C.
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Production of FcoRIla receptor variants

Expression pl asmi ds for produci #tegnina ol ubl
sortase/histidingtag, were constructed by amplifying the cDNA encoding the receptor
extracellular domain (residues 36 t o-H131)4) by
and MGC: 30 0-RIB1) {rdmctie Rnlarhnaalian gene collectibas templates and-5'
ggcccgctcgagaaaagagctgctcccccaaaggcetggjctg and 5
ggcccggcegcegeggcecgcttaatgatgatgatgatgatgtccacctccagtttctggcaatgaagagctgeccateRtgggsac
PCR primers. Then the PCR product Xholamdotlp PI CZ U
restriction endonucleases. T4 DNA ligase was used to ligate the cut PCR product into the
plasmid then the | igation products H®Beole tran
Selection of positive colonies was done using LB plates containing 25 pg/ml zeocin. The correct
DNA sequence for a positive colony was confirmed by DNA sequencing, and each construct was
then linearized by Sacl endonuclease and transformed into aroeteupretent, OCH#leleted
strain of SMD1168Pichia pastorisproduced previously in our laboratohyPositive yeast
colonies for recombinant protein production were selected on YPD plates containing 100 pg/ml
zeocin. E x p r eHsls3ilo no r cRBEtRvaRthAr abraed out in e lspinner flask
following the procedure described above for the expressidgGi Fe(Q297, N392) During
this expression, glycerol was usedbiaild up the yeast biomass while methanol feeding was
used to induce protein expr esklBlowas purlfieddrom t he
the expression media using -NTA affinity chromatography followed by HIC for further
purification® The receptor purity was checked using SPYSGE (Figure AA3 below)The
purified receptors were then subjected tte-specific biotinylation using a sortaseediated
Il i gati on reaction described p r-¥068° Briefly, the f or t

puri fied Fc o R&dorase tag htitst@rminus was diadyzed in 50 mM Tris HCI
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buffer, pH 7. 5. The react i 0o-H131ml mW GG&nkeccont ai n
Biotin, 3 mM CaC}, and 5 mM sortase was incubated at room temperature. After 24 hours, the
reaction was quehed by adding ethylenediaminetetraacetic acid (EDTA) to 15 mM final
concentration followed by extensive dialysis in PBS buffer to remove the unreacteditk&G

Biotin.

kDa

212 1 2 3
158

116

97.2

66

55.6

42.7 o

20

Figure AA3. SDSPAGE analysis under reducing conditions using 12% gels of Fc gamma
receptor s ( FcRicRiapastoesand puefedby BHNTA affinity chromatography

and hydrophobic interaction c¢ hfR&3éttairgsodyp hy . L
twoN-gl ycosyl ati on sit es)HL31 [centaiassonly2tworlgyposyktore nt s F
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Biolayer interferometry (BLI) binding experiment

Before starting he bi nding experi mehl31, tHRLSI,Rlelcae pt C
F ¢ 2 RV1B9) and the analytes (different IgG2 Fc glycoforms) were dialyzed in PBS (50 mM
sodium phosphate, 150 mM NaCl, pH 7.4). In these binding experiments, streptavidin biosensors
(Pall ForteBio LLC) were chosen for the immobilization of the receptors while the studied 19G2
Fc glycoform was kept in solution. First, the biosensor is hydrated in PBS buffer for 10 min and
then followed by incubation in PBS buffer containing 1 mg/nsleta to block any nespecific
interaction on the surface of the biosensor. The biotinylated receptor is then immobilized on the
biosensor to 1 nm response level above the baseline using 0.2 UM receptor solution. A new
baseline was established by placir§SPbuffer containing 1 mg/ml casein in the sample holder
and incubation for 30 s. The analyte (IgG2 Fc) is then placed in the sample holder to initiate the
association phase (30 s). At the end of this association phase the analyte tube is replaced by a
tube containing PBS to obtain the dissociation phase (30 s) as shown in Figure AA4 below. Four
different concentrations of each IgG2 Fc glycoform were used in each binding experiment and
each binding experiment was repeated three times. The associationomatant and the
dissociation rate constarit, @ndky, respectively) as well as the equilibrium dissociation constant
(Kp) at 25°C were then calculated by fitting the binding sensorgrams from these different
concentrations using the global fit function BEItz Pro software. In case of binding of the
hybrid and t he Fuc( +) hybr i-¥158| thés Pllowkhg Fcgl y c o f
concentrations of each glycoform were used: 17.5, 35, 52.5, and 70 pM. In the case of binding of
these different glycoforms # ¢ o RH131dhe following Fc concentrations were used: 0.9, 1.9,
3.8, and 7.6 OM. In the case of biRi3liteg of

following Fc concentrations were used: 1.1, 2.2, 4.5, and 9 pM.
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Figure AA4. Representative sensorgrdorsthe binding experiments of IgG2 Fc glycoforms
interacting with Fc gamma receptors (FcoRs) wu
particular binding experiment, hybrid IgG2 Fc glycoform, at four different concentrations, was
allowed to bind to Fx R I-H131 immobilized on a streptavidin biosensor for the determination

of kinetic rate constants {knd k) and the equilibrium dissociation constagp) of the

FcoRIla/llgG2 Fc interaction.
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Chemoenzymatic synthesis and purification of GDRucose for U 1 -fubosyltransferase

(FUT8) activity assay and kinetic measurements

Pure GDPfucose was prepared based on a protocol described in the litefauiite
some modifications and the synthesis was followed up using a previously described method of
ion-pair reversegphase HPLC.400 pl of FKP (about 1.5 mg) was addedoir-ml solution
containing 100 mM HEPES buffer pH 7.5, 5 mM ATP, 2.5 mM GTP, 10 miMcbse, and 10
mM MgCI2. The reaction was incubated at 28 °C for about 3 hours, and then 15 pl (3 units) of
yeast inorganic pyrophosphatase (Sightdrich) was added tohe reaction mixture and
incubated for 9 additional hours. The addition of yeast inorganic pyrophosphatase resulted in
converting all of GTP into GDiucose (Figure AA5). Then 10 units of alkaline Phosphatase
(CIP, from New England BioLabs) were added togdify subsequent GDRicose purification
and the reaction was incubated for 4 additional hours. The reaction was then boiled for 5 minutes
and chilled immediately on ice followed by centrifugation. The supernatant was then
concentrated in to-inl volume ty the mean of rotary evaporator and loaded on a@ibR2
(Bio-Rad) column using deionized water as a mobile phase. Several fractions were collected and
tested for pure GDHucose content. The fractions containing pure Gddse were pooled
together anadoncentrated by the rotary evaporator. The purified @2Bse (Figure AA5) was

aliquoted and stored &at30 °C.
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Figure AAS. lonpair reversegphase HPLC for monitoring of the synthesis and purification of
GDPf ucose through FKP mediated chemoenzymatic
ODS C18 column (120 A°, 5 pm, 4.6 mm X 250 mm, ThermoScientific) was uséusin
analysis. Buffer A was 100 mM potassium phosphate buffer at pH 6.4 containing 8 mM
tetrabutylammonium hydrogen sulfate (Sigidrich). Buffer B was composed of 70% buffer

A plus 30% acetonitrile. The elution gradient was as following: 100% buffer 8 min, 677%

buffer B for 8 min, 77100% buffer B for 1 min, 100% buffer B for 4 min, 108%b buffer B

for 1 min, and finally 100% buffer A for 8 min to-egjuilibrate the column. The flow rate was
1.3 ml/min, the UV detector was set at 254 nm, andctiemn temperature was 40 °C. The
above chromatograms ar&) FKP reaction mixture at the beginning of the reac8)rSame
reaction mixture by the end of the reaction at which all GTP is converted intefi@bseC)

GDP-fucose after BieGel P2 purificaion and concentration.
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Production of free GIcNAcMansGIcNAc, (hybrid) glycan for FUT8 assays

The GIcNAcManGIcNAc, hybrid N-glycan was produced from the
GIcNAcMarsGIcNAc, (hybrid) 19gG2 Fc glycoform prepared as described elsewhere in this
manuscript. The hybrid fdlycan was released from the Fc using PNGase F. Since, the Fc dimer
has two Nglycans conjugated to it, the resulting concentration of the free glycan is twice the
starting concentration of the Fc. The complete release of the glycan from the Fc was confirmed

by mass spectrometry and SIP8GE gel (Figure AA6 below)

Figure AA6. SDSPAGE analysis using 12% gel showing the complete conversion of
glycosylated IgG2 Fc (lane 1) into deglycosylated IgG2 Fc (lane 2) and release of Asn297 N

glycan after digestion with PNGase F enzyme.
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SDSPAGE and western blotting

SDSPAGE was performed as previously descriBesing 12% gels and a 3X reducing
sample loading buffer (240 mM Tris HCI pH 6.8, 6% SDS, 30% glycerol, 2.3-M 2
Mercaptoethanol, and 0.04% bromophdplok). For western blotting, the samples were also run
on 12% SDSPAGE then the resolved proteins on the gel were transferred into a PVDF
membrane (BioRad ImmuBlot membrane for protein blotting) using BRAD TransBlot
Turbo Transfer System. The memteawas then blocked with 5% fat free milk in TTSB (20
mM Tris HCI, 500 mM NacCl, 0.05% Tween 20, pH 7.5 buffer). After washing with TTSB, the
membrane was incubated with mouse -argtiding-tag antibody as the primary antibody then
with goat antimouse &aline phosphatase secondary antibody. The histidine tagged proteins
were then visualized on the membrane usiigjtle p E NBT/ BCI P col or devel

from ThemoFisher Scientific.

Intact protein mass spectrometry

Intact protein mass was determineq Imjecting 15 pl of protein samples at
concentrations of approximately 0.3 mg/ml under reducing conditions (10 mM dithiothreitol)
into a reverse phase C4 col umn, 50 mm, 4.6 m
particle size) using an Agilent 652&éurateMass QTOF LC/MS equipped with an ESI source.

Solvent A was composed of 99.9% water, 0.08% formic acid, and 0.02% trifluoroacetic acid,
while solvent B was composed of 99.9% acetonitrile, 0.08% formic acid, and 0.02%
trifluoroacetic acid. A gradidrelution was developed ranging from 5% B to 90% B within 7 min

using a flow rate of 0.5 mL/min. Data acquisition was performed using Agilent Mass Hunter
Acquisition software (Version B.02.00) while data analysis was performed using Agilent Mass

Hunter Quétative Analysis software (Version B.03.01).
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Appendix B
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Figure B1. Representative time points of the gumat (three steps) functionalization reaction of
IgG2 Fc using FKP and FUTS8.
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Measuring the kinase activity of FKP

A continuous coupled spectrophotometric assay similar to one described previously
(Gosselin et al. 1994)as used to compare FKP kinase reactae for L-fucose or 6azido-L-
fucose. In this assay, the FKP reaction progress was followedebhguning ADP production
with a pyruvate kinase/ lactate dehydrogenase (PK/LDH) coupled system to monitor NADH
disappearance at 340 nm. This assay was performed in 50 mM HEPES buffer pH 7.5 containing
ATP (1 mM), L-Fucose or @zido-L-fucose ( 1 mM), magniesn chloride (10 mM), potassium
chloride (50 mM), phosphoenolpyruvate (0.75 mM), NADH (0.15 mM), 3 U pyruvate kinase
(PK), and 4.2 U lactate dehydrogenase (LDH). The final volume was 150 pl and the reaction was
started by the addition of FKP (9 ug) aftetting the other components equilibrate for 5 min
inside the cuvette at 37C. The decrease in NADH absorbance at 340 nm with time was
followed using Evolution 260 Bio U¥isible spectrophotometer (ThermoScientific). The linear
part of this decrease in N absorbance with time (slope) was used to compare FKP reaction
initial velocity of the natural sugar {Eucose with the analogue (ézido-L-fucose) as shown in

Figure B2.
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Figure B2. FKP kinase activity rate measurement usingucose incomparison to using-6
azido-L-fucose.
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General procedure for chemoenzymatic synthesiand purification of GDP-azidofucose

GDP-azidofucose was synthetized chemoenzymatically freazi@o-L-fucose using the
bifunctional enzyme {ucokinaséguanosine Sliphosphatd.-fucose pyrophosphorylase (FKP).
The synthesis and purification was followed up using ion pair chromatography method described
in the next section (See also Figures BB1, BB2, and BB3)}n#\ olume reaction was carried
out in 1M mM HEPES buffer at pH 7.5. The reaction mixture contained 13 mg (5.9 mM) ATP,
11 mg (5.2 mM) GTP, 5.2 mg (6.3 mM)a&ido-L-fucose, and 10 mM Mgl The reaction was
started by adding 1.5 mg FKP and incubated at 28 °C. After six hours, 3 units (¥5/e#sb
inorganic pyrophosphatase (Sigklrich) were added to the reaction mixture and the mixture
was incubated at the same temperature for three days. Finally, 10 units of alkaline phosphatase
(CIP, New England BioLabs) were added to the reaction meixte dephosphorylate any free
nucleotides and simplify subsequent size exclusion chromatoglegsey purification. After 16
hours of adding CIP, the reaction mixture was boiled for 5 minutes and chilled immediately on
ice for 15 minutes to precipitateethenzymes used in this reaction and simplify subsequent
purification. After chilling on ice, the reaction mixture was centrifuged at full speed for 15
minutes to get rid of the precipitated enzymes. The supernatant was then collected and
concentrated to Inl by the mean of rotary evaporator. Beparate the product (GBP
azidofucose) from the reaction mixture, the supernatant was loaded on a 2.5 cm diameter column
containing 120 ml BigGel R2 resin (BioRad) prequilibrated with deionized water. The
elution was carried out at a flow rate of 0.7 ml/min using deionized water as a mobile phase. The
UV detector was set at 254 nm and several fractions were collected across the eluted peaks and

checked for content using ion pair chromatography. The fractionsaiomg pure GDP

172



azidofucose were pooled together and concentrated by rotary evaporator and finally st8@ed at

°C.
lon-pair reverseephase HPLC

An ion-pair reversegphase HPLC method was developed based on a previous method
reported by Nakajima et §2010Y to control the synthesandpurification of GDPazidofucose.
Hypersil E ODS C18 column (120 AA, 5 Om, 4.6
this analysis. Buffer A was 100 mM potassium phosphate buffer at pH 6.4 containing 8 mM
tetrabutylammonium hydrogen sulfate (Sigildrich). Buffer B was composed of 70% buffer
A plus 30% acetonitrile. A 30 minutes elution gradient was developed as following: 100% buffer
A for 8 min, 677% buffer B for 8 min, 7-100% buffer B for 1 min, 100% buffer B for 4 min,
100%0% buffer B for 1 minand finally 100% buffer A for 8 min to requilibrate the column
for subsequent sample injection. The flow rate was 1.3 ml/min, the UV detector was set at 254

nm, and the column temperature was 40 °C.
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Figure B3. Reaction progress of Propargyt formation via CuAAC followed up by intact

protein mass spectra showing a clear protein oxidation with time.
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Figure B5. Effect of addingl mM methionine on the CuAAC reaction.
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Figure B6. Using Cu(l)Br instead of CuSgbodium ascorbate in CUAAC reaction.
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