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Glycosylation is a prevalent pesanslational modificationeferring to the attachment of
glycans or sugai® proteins Glycosylationhas significant impacts aaproteird structureand
function and theglycans themselvesanalsoberecognizedy carbohydratdinding proteinsto
enact new functions that may imprawe efficacy and haHife of proteinbased therapeutics.
However, thanammalianglycan biosynthesis pathwa@yoducesxtraordinarily diverse and
heterogenous glycanmaking glycan functioand recognitiorchallengingto characterizeMy
research focuses @he development of tools to probe glycan function, evaluate prghgtan
interactions, and leveragiee knownglycan specificities of carbohydrabending proteingor
therapeutic indicationandincludes three major research projects. The first projectavas
evaluatehe immunogenicity of naturaldylycans aiming to raise-ylycan specific antibodies.
For the pupose, aseries of Nglycanbased immunogens were prepared from five common
human Nglycan structureandc hemi cal |l y conjugated to a bacter
an adjuvantandthe conjugates wergsedas immunogentr immunization in miceAnalysis of
the immune response revealed that mosth@fantibodieglicitedby all N-glycan conjugates
unexpectedlyargeedthe conserved chitobiose core, givicrgssreactiveantibodies.
Importantly, terminal sialylation and linker chemistry were foundawe significant effects on

the titer and specificity of thdicited antibodies. This study outlines significant challenges to



raising selective MNjlycanspecific antibodies and provides important guidelines for the further
optimization ofN-glycanbased immunogens towards the development of selectglgdsdn

specific monoclonal antibodies as probes for studying glycan fusction

The second projeetas focused on application céitanionic vesicles as synthetic
scaffolds for the multivalent display of-glycans to probe proteiglycan interactionsA general
platformwasdeveloped allowindor multivalent display of various fglycans on catanionic
vesicles. It was found that tiNeglycancoated vesicles had high affinities for several plant and
mammalian lectins. Furthermore, vesicles were prepared that displayed more than one glycan
structure simultaneously. These wedfined vesiclesvere employedo re@pitulatediverse
glycancoated surfaceas mimics othemammaliarglycocalyxandprovided valuable insights
into lectin recognition of glycan ligands in suchmplexenvironments. Indeed, ftie vesicles
displaying two unique Mjlycan structures simultaneously, the presence of an unrelated glycan
structure was found to significantly impact lectin binding to its cognate glycan ligand. Thus, N
glycancoated catanionic vesicles have great potergiébals for characterizing complex

proteinglycan interactions and elucidating glycan function.

The third projecexploredthe chemoenzymatic method developed by our lab for
constructingsite-specific antibodyglycan conjugateas nexigeneration Lysosomgargeting
Antibody Chimeras (LYTACs)These sitespecific conjugates were usedewvaluating optimal
glycan ligands for targeted lysosomal degradation of clinically relevant protein t&getsal
natural and synthetic glycan ligands containing terhgakactose or Nacetylgalactosamine
(GalNAc) wereattached to monoclonal antibodiesd evaluated in cebased binding and
proteindegradation assayiteresting new trends in glycan ligand binding were discovered, and

natural triantennary fglycans wee reported for the first time to be effective ligands for



lysosomal delivery of target proteins. Antibody conjugates containing synthe&aliiAc or

natural triantennary fglycan ligands were found to significantly degrade extracellular human
PCSK?9, a wll-validated therapeutic target for treating hajtolesterolAdditional experiments
indicatal that targeted degradation of PCSK9 may be a promising new therapeutic strategy for
lowering cholestergland this strategy could easily be adapted fotatgeted degradation of

other extracellular diseasessociated proteingn summarythese studies present methodologies
for producing diverse glycoconjugates as valuable tools for elucidating glycan function and

intervening in disease.



DESIGN AND SYNTHESS OF GLYCOCONJUGATES FORLUCIDATING THE
BIOLOGICAL FUNCTIONSOF GLYCANS

by

Thomas Connor Donahue

Dissertation submitted to the Faculty of the Graduate School of the
University of MarylandCollege Park, in partial fulfillment
of the requirements fahe degree of
Doctor of Philosophy
2023

Advisory Committee:

Professor LaXi Wang, Chair
ProfessoKwaku Dayie
Professor Philip DeShong
Professor Bul Paukstelis
ProfessoXiaoping Zhu



©Copyright by
Thomas Connor Donahue
2023



Acknowledgements

| would like to first trank my thesis advisor, Dr. La{i Wang for his mentoring and support
during my PhD researclYou havetaught memanyvaluablethings including how tocarefully
design experimestandhow toextractmeaningful information fronexperimental failures

Ultimately, you have helped me to becoameindependent scientiable to desigand execute

my own projects.

Specialthanks to my wife Enmy, without yourcare and suppbnone of this would have
beenpossiblel would also like to express my gratitude to my friends and faregpecially to

baby Elenato whom this work is dedicated.

| am very grateful to the current and past membétheWang grougfor their
contributions to my researclespecially tdr. Guanghui Zongwho has been a great-owentor
and friend.You have been a very supportiiad mate andl would not have accomplished much
without your help and guidancealso thankDr. Qiang YangDr. Xin Tong,Dr. Roushu Zhang,
Dr. Sunaina PrabhuDr. Yuanwei Dai, Dr. Xiao Zhanddr. Chong OuDr. Chao Li, Dr. Kun
Huang,Grace Luné, Darnell HarrisMargaryta Gomozkovajelena Yun, Natasha Owitipana

Nikolai Tolstoy,and Emilie Liang

| also want tdhank my committee members, Btwaku Dayie, Dr. Philip DeShon@r.
Paul PaukstelisDr. Peter Nemesand Dr. Xiaoping ZhuThank you for your constructive

criticism andguidanceduring my PhD studies.



Finally, I would like to thanlall my collaborators including Ddeffery Gildersleeve,
Ni chol as O6Brien, Dr . GManmy tlgpeks th thenfaciity managess R o b i n

the NMR and MS instrumenter training me and helping make this resegrobsible.



Table of Contents

7 sz 7

Acknowl edgenertt® é€€& ééééééééééeéeeéeeeéeéeéecéi

Table of Contents ééeééééeé. .. éééeééeéeéeévécécéce

List of Schemes é..éééeéeéeééecéeéeéeceécéeéveéeéetd

List of Tables éé. eééeéecéécécécééecéeéeéeéevwicéecécté

Listof Figue s €eééééééeéeéeéeéecéecéecéecéeeéeéeéeév. .

List of Abbreviations é€éééécéécéééeééeéeée&keéeécé

Chapter 1: Introductios é € ¢ é € é € ééeééeéécéecéeéeééeééeéeé..l
1.1Biological importance ofglycarlsé ¢ € é é 6 ¢ éé e éééeééeéeéé 1
1.2Biosynthesisof Nglycanse ¢ ¢ € é é é ééeéeéeeéeééééééeée..b
1.3Features of carbohydraper ot ei n i nteractions éé.erééeéeééc

131 Mul tivalent interactions ééeeéeédBeééeeé

l4Lever aging glycobiology for therapl&utic d

Chapter 2Synthesis antimmunological Study of NGlycanBa ct er i ophage Qb Con|j

Reveal Dominant Antibody Responses to the Conserved Chitobios@& @oeeé € € é é 16
2.1 Introduction ééeéeéeééeéeéeéeéecétoéeéceccece
2.2Resultsand discussiéné e é é e e ééeééeeééeeééeeée..2
23Concusi on éééeéeéeéeéeéecéeéeecéecéeéeéeédlse.
24Experi ment al procedures éééééééceceqBeececeéecéé
2.5 Supporting information éééééeéeébréecécéce

Chapter 3Catanionic Vesicles as a Facile Scaffold to Display Natur@ly¢an Ligands for

Probing Mutivalent Carbohydratéectin Interaction® € € € é é é é é € € € é é é ...69
2.1 Introduction ééeéeéeééeéeéeéeéeceBdececce
2.2 Results and discussion éeéééeeééecEléeecéée
2.3 Conclusion ééeééecéeéecéceceéeéeéeéeéBéeéceéce
2.4 Experimentgbr ocedures éééééécéeececeeéeéeééécddDecec.
2.5 Supporting information ééééeéeéeéledéeécéc

Chapter 4Synthetic SiteSpecific AntibodyLigand Conjugates Promote Degradation of

Extracellular Human PCSK9 Mediated by the Liver Asialoglycoprotein Recéptoé é . 114
2.1 Introduction ééeééeéecéééeéeéeéeéardriécécec
2.2 Results and discussion éeéééeeéééllBéececécée
2.3 Conclusion ééeéecéeéecéceceéeéeéeéedlzbécécéc
2.4 Experiment al procedures ééééééeéFeeceececeé
2.5 Supporting érftetmattiéercéeé&é&é& e éeée 152

Chapter 5Conclusions and Future Directiodsé ¢ é é é é e e e e ééééééeeée. 861

Literature Cited ééééeéeéeéecécécéecécéecélaneéeéceté



List of Schemes

Scheme2.1. Synthesis othemically functionalized Mjlycansforo i o conj u g @t i22 n

Scheme 2.2. Synthesis ofdlycanQb conj ugat ég6ééééééeeceee.24
Schemed.1.Synthesis of Nglycolipi ds carrying | ipid @hai Tes
Scheme 3.2. Assembly of-§lycan coated catanionic vesicles ¢ é é é é é é e € € . 73
Scheme 4.1. Synthesis of |igands f oér.étllle

Scheme 4.2. Synthesis of sgpecific antibodyligand conjugates by the chemoenzymatic
methode é e éeééeéeééeééeéceeéeéeéeéeéeéeéeéecee ... 124

eeé

of d

huma



List of Tables
Table 2.1. Average glycan loading ofgfycanQb i mmunogééaéé ééécé . 26
Table 2.2Glycanspecificl g G anti body titeegéekéemodus.29 ant i s
Table 2.3Glycanspecificl gM anti body titerées é®efé érdoéués.80 ant i s
Table 3. 1. Hydrodynamic di ameter am®déépaddl ydi sp

Table 4.1A | | antibodies used in westernéebél.aslt i ng a

Vi



List of Figures
Figure 1.1Cart oon structures of major glé¥cdan2.cl asse
Figure 1.2. Glycoconjugates of theé@éydocal yx

""""

Figure 1.3.Ngl ycan biosynthesis in mammaléééé&ééceeéceesd
Figure 1.4. Major mechanisms of multivalgmbteing | ycan bi ndi ng ééeéoéééecée
Figure 1.5. Structure of human |1 gGléa@aéa d2 assoc
Figure 2.1. SDSPAGE of reduced MjlycanQb conjugatéséeéééeéé.25

Figure 2.2MALDI-TOFMS of NglycanBSA conj ugate coatié®g27ranti ge
Figure 2.3Binding of mouse antisera tdygan microarraf¢ ¢ ¢ ¢ ¢ é é é é é ¢ é € . 32
Figure 2.4. Epitope mapping ofé égéléyécéaéné .85peci f i
Figure 2.5Binding of mouse antiserato SARSoV-2 s pi ke proteiémn éé3g ¢é é é
Figure 3.1N-gl ycol i pid i ncorporati@®@éhééanéecadanyh oni c \
Figure 3.2. EndeCC glycan release experimentsofgN ycan coat €éc é¥e 88 cl es
Figure 3.3. Microplate inhibitimassay withNy | ycan coated ¥e&®iécBles é¢éé.
Figure 3.4Comparison of PSA andPLC-basedN-g| ycol i pi d i ncor.p®r ati on
Figure 3.5N-glycolipid incorporation inhetermmu | t i val ent vesicl 686 quant
Figure 3.6. Microplate inhibition assays withhetetes | t i val ent vesi.c88es ¢ééée
Figure 4.1Chol est er ol regulation i g@éémareéhglpat ocyt
Figure42PCSK9 protein secretion by HepG2 .28l | s wur
Figure 4.3. Binding of LYTACstoceB ur f ace ASGPR by f lé®&w 126yt o me't
Figure 4.4. PCSK9 degradation by Alirocurata s e d L Y T A C sé éééeéééeéé. 130

Figure 4.5. PCSK9 degradation by Alirocumlala s ed LYTACs at di fl¥0er ent
Figure 4.7. EGFR degradation by Cetuxintala s e d L Y T A C sé éééééeééeéé . 133

Figure 4.8. EGFR degradation by Cetuxinimsed LYTACSs at different time poinésé ... 136

Figure 4.9. LCESIMS analysis of IdeS treateda t i ve Al i r ocd&aanadé 852 ¢é e

Vil



Figure 4.12.
Figure 4.13.
Figure 4.14.
Figure 4.15.
Figure 4.16.
Figure 4.17.
Figure 4.18.
Figure 4.19.

LCESEMS analysis of IdeS treated-Ne-Man-Al i r oc umab é é ¢ B&

LEGESIMS analysis of IdeS treated G2 cligkl i r ocumabB é é é ¢ B7
LEGESIMS analysis of IdeS treated G3cligkl i r ocumabB é é é ¢ 58

LCESEMS analysis of IdeS treated-tBalNAGS2G2A 1 i r ocumab. 158 é é é .
LEGESFMS analysis of IdeS treated-tBaINAc-Man-Al i r oc umab .160e é e

LEESFIMS anal ysi s of 1 desS

7

/////

LCESEMS analysis of IdeS treated GMFFe t u x i ma bé &é&é&eé . 162

Figure 4.20LC-ESIMS analysis of IdeS treated G&Fe t u X i ma bé &é&é&é&é .

163

Figure 4.21. LEESFMS analysis of IdeS treated-Ne-S2G2C et u x i ma bé &é&.éled

Figure 4.2. LC-ESIMS analysis of IdeS treat€sl clickC et u x i ma bé &é&é&é 165
Figure 4.23. LEESIMS andysis of IdeS treated G3 clisKet u x i ma bé &é&é&é 166
Figure 4.24. LECESIMS analysis of IdeS treated-tBalNAcS2G2C et u x i ma bé .467 é €
Figure 4.25.
Figure 4.26.
Figure 4.27.

MALDITOFMS o f asi al
MALDITOFMS of nativeAl i r ocumab
MALDITOFMS of G3FAIl i r ocumab

Figure 4.8. MALDI-TOFRMS of R click-Al i r ocumab

Figure 4.29.

MALDITOFMS of G3 clickAl i r ocumab

Figure 4.30. MALDI-TOFRMS of tri-GalNAc-S2G2A | i r ocumab
Figure 4.31. MALDITORMS of tri-GalNAc-ManrAl i r ocumab
Figure 432. MALDI-TOFRMS of biotinylateda s i al of et ui né ééé é é é £¢185
Figure 433. MALDI-TOFRMS of biotinylatedn at i ve Al
Figure 434. MALDI-TOFMS of biotinylatedG3FA| i r ocumab

Figure 435. MALDI-TOFRMS of biotinylatedG2 clickAl i r oc umab
Figure 436. MALDI-TOFRMS of biotinylatedG3click-Al i r oc umab
Figure 437. MALDI-TOFRMS of biotinylatedtri-GaINAc-S2G2A |l i r ocumab ..&88 ¢ é é
Figure 438. MALDI-TORMS of biotinylatedtri-GaINAc-Man-A|l i r oc umab é €181é ¢ é

,,,,,,,,,

eeeeeeece.

,,,,,,,,,,

,,,,,,,,

eeeeeeeece.

,,,,,,,,

eeeeeeec.

rrrrr

rrrrrr

””””

of etaéd e €ec&aecé. 168

169

171

eéeéeregé

eéeéereé

viii

Ce



ADCC
BCA
BgaA
CDC
CTAT
CuAAC
DBCO
DC-SIGN
DHB

E. coli
ELISA
EMEM
ESI

Fc
FcRn
FPLC
GIcNAC
HATU
HER-2
HIV
HPLC
HRP
IdeS
IgG

IgM
LC-ESFMS
LDL-C
M6P

MALDI -TOF MS
MVNA

MWCO

List of Abbreviations

Antibody-dependent cellular cytotoxicity
Bicinchoninic acid assay

Alkalophilic bacillusb 1 -gafactosidase
Complemendependent cytotoxicity
Cetyltrimethylammonium tosylate

Copper catalyzed azielkynecycloaddition
Dibenzylcyclooctyne

Dendritic celtspecific ICAM-grabbing norintegrin
2,5-dihydroxybenzoic acid

Escherichia coli

Enzymelinked immunosorbent assay
Eagle's minimum essential media
Electrospray ionization

Fragment crystallizable region

Neonatal Fc receptor

Fast protein liquid chromatography
N-acetylglucosamine

Hexafluorophosphate azabenzotriazole tetramethyl uronium

Human epidermal growttactor receptor 2
Human immunodeficiency virus

High performance liquid chromatography
Horseradish peroxidase

IgG- degrading enzyme @treptococcus pyogenes
Immunoglobulin G
Immunoglobulin M

Liquid chromatographelectrospray ionizaticrmass spectrometry

Low density lipoproteincholesterol
Mannose6-phosphate

Matrix-assisted laser desorption ionizatitime of flight mass

spectrometry

MicromonosporaviridifaciensU 2 -ndairaminidase (sialidase)

Molecular weight cubff



NHS

NMR

PDL-1

PEG

PGC

PSA

RIPA
SARSCoV-2
SDBS
SDPAGE
TFA

TLC

N-hydroxysuccinimide

Nuclear magnetic resonance

Programmed cell death ligand 1

Polyethylene glycol

Porous Graphitic Carbon

Phenolsulfuric acid assay
Radioimmunoprecipitation assay buffer

Severe acute respiratory syndrome coronavirus 2
Sodium dodecylbenzenesulfonate

Sodium dodecyl! sulfat@olyacrylamide gel electrophoresis
Trifluoroacetic acid

Thin layer chromotography



Chapter 1: Introduction

1.1.Biological importance of glycans

Glycosylation isatype of posttranslational modificatioPTM) referring to thecovalent
attachment of a carbohydrateglycanto abiomolecule suclas a protein, lipid, or nucleic acld.
2 Glycosylation isone of themost commorPTMs observed in proteingjth several studies
suggesng that greater than 50% of the human proteonggyisosylated® As such, glycans
conrstitute a significant portion of thmolecules in the cell microenvironment and make
important contributionso cell biology Glycanscontributeto processes like cell signaling,

motility, metabolism, and immunolody.

Protein glycosylatioan be divided into two classes,gycosyationand N
glycosylation, with each referring to the type of linkégéween the glycan anlde protein
amino acid side chair®-linked glycansare generally short glycamastached to the hydroxyl
groupsidechairof aserine or threonine amino acid-linked dycans on the other hand, are
typically large andareattached to proteins via tirogenatom of the amid side chain in an
asparagine residubl-glycosylationinitiatesin the Endoplasmic ReticulunER) andis matured
in theGolgi apparatusvhile typical Gglycosylation (except €IcNAc glycosylation) occurs in
the later. N-glycansare added to proteins containing the consensus sequeXe®s/N(where X
is any amino acid except prolindytthere is no knowronsensus sequence for O

glycosyation?

N-glycans are the most abundalassof protein glycosylatiorand can be further
categorized into complex, highannose, or hybrid type depending on the natutieeof

modification to thehreemannose coreommon taall N-glycan structuregFigure 1.1) Addition

1



ofNNacetyl gl ucosami ne-a(nGll &Nacose atms redults & cothplex, 3 )

typeNgl ycans that can be furthgal amotdo$ éoeandyUt 2,

U ( 2-N-d&dtylneuraminic acid (sialic acid) to the nonreducing Eiigh-mannose Nylycans
are furtherelaboratedy the addition of mannose residues to the tme@noseore Lastly,
modi ficati omarrfode earUf 1wi3t)h -Ghanndsedacmwvatn d t h e

mannose results in the hybrid typeglycan(Figure 1.1)

A N-glycans | O-glycans GAGs
|
héhd
0o o Q0 »
eqp map “ el
Cor-a-w: emp e | '
Proteins . Sl L hd ' >
ComPh 8 L ¢ Q om W mm P
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() Galactose @ N-Acetyineuraminic acid M\ Fucose 0 Glucuronic acid [ N-Acetylhexosamine

Figure 1.1. Cartoon representations of major mammalian glycan families inclégihg
glycans, Gglycans, glycosaminoglycans (GAGS), @)dvarious glycolipids. Figure taken from
publication by Zhanget al®

As mentioned previousl\-glycans contribute to several biological processes of the cell

(Figure 1.2) Generally, Nglycosylation has a positive impamt proteinstability by increasing



solubility, thermal stability, and protease resistant#loreover, the Nglycans themselves can
be recognized by carbohydrdigding proteins (i.e. lectins or glycapecific antibodiesyith a
preference fospecificglycan structureto enact a particular functioror example, highly
sialylatedcomplextype N-glycans are known to engagilic acidbinding immunoglobulin
(Ig)-like lectin Sigleq receptorsn the surface of immune celidhich contain cytosolic
Immunoreceptor Tyrosinbased Inhibitory Motifs (ITIMsable to recruit phosphatase enzymes
for inhibition ofimmunaeceptor signalin§ Several human Siglec receptors exist, each with a
distincts al i ¢ acid | inkage s pec iafdtymchallyexprdssedoghe U ( 2, 3
surface of immune cellshere theyfunctionto establish a threshofdr immunetolerance and
responséo foreign antigené Several sialylatednd fucosylated\-glycansare also recognized
by humarselectins, a group afarbohydratébinding protein receptors expressed the surface

of endothelial cells that facilitate immune cell transport and migration to sites of inflamation.

Removal of terminal sialic acid expodeg 1-galactoseesiduesvhichcan interact with
manygalactosespecific carbohydratbinding proteins includinghe asialoglyprotein recemt
(ASGPR)andthe human galectinghe asialoglycoprotein receptor is a lhggecificmembrane
boundreceptowith particularly high affinity for tr and tetraantennarycomplex typeb-
galactoside$.This receptor is involved in galactdshomeostasiby the endocytosiof asiale
glycoproteinsaandtheir delivery to the lysosomen intracellular organelleontaininghydrolytic
enzymes such as proteases and glycosiadaspensible fothe degradation of glycoproteins and
other molecule$’ Indeed, this receptdras been leveraged for the delivery of several
therapeuticslirectly to the livert! The human galectins on the other hand satable
extracellulamproteins secreted lgpithelial and immune cells, they are important regulators of

cell signaling endocytosis, and even apoptdsiGalectinsare typically oligomeric proteirsnd



are known to form intermolecular lattices between glycoproteins contdineng m igalactose b
or N-acetylgalactosamin@alNAc). Thes€ormedintermolecular latticesandirectly affectthe
organization ofjlycosylaed signaling receptors on the cell surfe@w@romote/ inhibit receptor
crosslinking and activatiolf:}* Galactosebearing human Ig@ also known to bind and recruit
components of the complement systesulting in formation of a membraagtackcomplex

andthekilling of target cels such adacteriat®

glycocalyx: protection recognition of ‘self’ signalling
—
pathogen
invasion as
O -
: S 3
o 8
o = s 45
= \s A8 A
S5
&z
S5 s
C Ny =
S ”
a5
- R l
— —
glycolipid glycoproteins
mucin glycoprotein  patches proteoglycans

Figure 1.2. Glycoconjugates of the glycocalyx are recognized by carbohydrate binding proteins
to mediate various biological processes. Figure taken from a publication by Ratratft

Glycoproteirs with low galactose content have termi@&tNAc exposed on theM-glycan
chains this epitope can be recognized by immunoreceptors such &G expressedn
antigen presenting celte mediatepro-inflammatory responses aadtigenuptake/
presentatin.!’- 18High-mannosdype N-glycans are also recognized BPZ-SIGN, as well as the
Mannose Receptor (MR)f macrophagewnhichis usedin the phagocytosis of pathogens as well

as antigen processing and presentatidthosphorylated higmannoseN-glycans ardigands of



the cationindependent mannogephosphate receptor (BI6PR),a receptor responsible for
sortingglycosylatechydrolytic enzymes to the lysosopand the principal target of enzyme
replacement therapies for the treatment of lysosomal storage dis@rSex®ral other
carbohydratéinding receptorsvith distinctspecificitiesandfunctions exist, however, the above
examplesserve tallustratethediverse biological functions of glycans and grefound impact
that glycosylationcan haveon protein fateMy research focuses on the design and synthesis of
glycoconjugate$or elucidating théunction of various human{glycans andnforming the

designof more efficacious vaccines and glyttwerapeutics.

1.2Biosynthesis of Mjlycans

Newly synthesizegroteinsareN-glycosylated on thasparagine sidechain of tNeX-S/T
sequon through a witi-step process beginnimg theendoplasmic reticulum (ER) and ending in
the Gdgi apparatugFigure 1.3¥! N-acdylglucosamine GIcNAC) is first transferredo the
membrane anchored lipid carrier dolichol phospli@ta-P) with uridine diphosphats-
acetylglucosaminasthe donor (UDRGIcNACc) to make GIcNAeP-P-Dol. Monosaccharides are
then added sequentially from their respective sugar nucleotide donors by the astioeraf
glycosyltransferase enzymes to prodMasGIcNAC,-P-P-Dol. TheMansGIcNAc.-P-P-Dol
glycolipid is then flipped to the lumen of tB#R and more monosaccharides are transferred to
form the GlaManGIcNAC.-P-P-Dol intermediate, which is then transferred to ghgosylation
sequon of th@ascent polypeptidey action ofthe oligosaccharyltransferase (OST) enzyie
terminal glucose resias are trimmedly glucosidases to give the @ansGIcNAC: glycan
which is then utilized to perform protein folding and quality control by several chaperone

proteins.Incorrectly folded proteins are degragwdhile correctly folded proteins are trimmed



further at theN-glycan terminugo giveManyGIcNAc. and transported to the Golgi for further
processing. HiglmannoseéN-glycans are not modified further, howevegguential trimming by
Umannosidase enzymémlowed by transfer of GIcNAc monosaccharides to tifimannose

core by GnT -acetylglucosaminyiransferaseenzymes gives compleaype N-glycans

containing up to four antenilhatcan be further decorated by galactose and sialicaGide
structures of thé&-glycanendproductsdepend on the exteof processing by glycosidase and
glycosyltransferase enzymes as dictateéabtors such asccessibility of the glycan,

availability of sugarnucleotide pools, and glycosidase/ glycosyltransferase expressiorflevels.
22 The variougmonosaccharide structures available, tH#ferentregio- and stereehemical
linkages, as welstheir functionalization byphosplate sulfae, and acetygroups givesrise to
tremendous diversity in glycan structure. Furthermdiféerences irglycan processing due to
factors outlined above, ressiih heterogenous glycan structutkat can be asymmetrically
decorated by various monosaccharides on their nonreduuitsghdoreover, sveral diseases
including various cancers and immune disorders are known to affect the expression of glycan
processing enzymesften resulting in unique glycan structures that can be leveraged as disease

biomarkers for diagnostics, as thpeutic targets, arfdr vaccine development.
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Figure 1.3. N-glycan biosynthesis in mammals. Figure taken from a publication by Sahtos
al2t

1.3.Features of carbohydraiprotein interactions

The tremendous diversignd heterogeneityn N-glycan structure means tharbohydrate
binding proteins mudie able tdind anddistinguisheffectively betweerrelated structures and
glycan isomers (glycoformsLarbohydratébinding proteins and lectins predominargiyploy
amino acids with aromatic and hydrogeondingcompatiblesidechainsn their carbohydrate
binding sites® Aromaticamino acids can engage in €H i nt ebetaeen theo n s
electropositive €H bonds of the sugar rirend electrofr i clbonds of the aromatiings this

effect ismost common for glucose, GIcNAgalactose, fucose, and mannose monosaccharides



containing axial @H bonds Several arbohydratebinding proteinsand enzymealso employ

metal cofactors suchscalcium in the binding pocketoordinated primarily byhe carboxylate

groups ofaspartic aciar glutamic acigdto make interactions witthe free hydroxyl groups of

theglycan andvithdrawelectron densityo reinforcetheaforementione€H-- i nt er acti ons
Polar anino acids such asspartic acidasparagine, andlutaminecanengage in hydrogen

bonding interactions with the free hydroxyl groupgslmmsugar and chargedmino acids can

form salt bridges witltharged functional groups on the glycaa. carboxylate, phosphate,

sulfate, and amino groupsmportantly, acetylated sugars gaarticipate irhydrophobic

interactions between the acetyl methyl gramgd aliphatt amino acidef the binding domaito

increase the binding affinityf the interactiorf>2°

Carbohydratébinding proteingypically have shallow binding pockeasd m&e few
hydrophobic contacts, but leverageny of the structural featuresentioned abovéor
enhanced specificity to the glycan ligakdirthermore(GBPs recognize several
monosaccharides in a glyctor enhanced specificifynakinguniquecontacts with motifs in
each monosaccharide, such as bifurcated hydrogen bonds with-thel€isf mannose and
galactos&® Apart fromthe commortrends in amino acid sequence, there are several conserved
structural motifs in GBP secondary structure. Many daydmateb i ndi ng pr ot ei ns en
s a n d wrefdil, b-hefix, or V-set domain folds in their binding domains t -helicés being
less commof. 2" 22The main driving érces for proteirglycan interactions are hydrogen

bonding and electronic forces thatdrive<CH i nt er acti ons.

1.3.1. Multivalent interactions

Protein interactions with monosaccharides or individual oligosaccharides are typically weak and

transient with K6 s he 19%-163 M range however, Nature makes use of multivalency



(display of several sugar ligands on a single surface) to enhance the apparent affinity and lifetime
of the interaction (K = 10°-10° M). This effectis analogous to Velcro patches, which make use

of several weakly interacting Velcro filaments to achieve strong surface adhdaitmalency
enhances the apparent binding affinity by lowering the rate of dissociation by a variety of
mechanisms includingatistical rebindingchelate effect, receptor clustering, and steric
shielding(Figure 1.4¥%3! To enablethe invesigation of these complex multivalent binding

events, chemical biologists have develogbaoengineering strategies, as welkaseral

multivalent glycomimetic probes that consist of a synthetic scaffold presenting multiple copies of
the glycan ligandSeveral synthetic scaffolds have been used, including dendrimers, liposomes,
metal nanopatrticles, and cyclodextflitnese multivalent glycomimetics have provided valuable
insight intoGBP function and have been used as imaging probes, inhibitors of pathogen

lectins, and drug delivery vehiclés.
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Figure 1.4. Major mechanisms of multivalent proteghycan binding for enhanced affinity.
Glycan ligands are depicted as colored ovals, carbohybradéng protein receptors are



represented by colored shapes with binding pockets. Figure taken from a publicatmmigy B
et al?®

Multivalent binding also significantly increases specificfyglycan recognitionfor
example, Lselectinrecognizests natural ligand sialyLewis X and binds to-8ulfo-sialyl Lewis
X with only a 3fold enhancement in binding affinity. However, when a glycopolymer
containing several sialyl Lewis X units is compared to a glycopolymers contaksiip&sialyl
Lewis X, a 10,0060ld binding etmancement is observéowardsthe 6sulfo-sialyl Lewis X
polymers?3 This intriguing result illustrates that small differences in binding affinity are
amplifiedby multivalen display However, cellglisplaydiverse glycan structures ther
surface simultaneously, and multivalent glycomimetiesaring multiple copies of the same
glycan structure do not faithfully mimic the cell microenvironmémeed, much of what we
know about protekglycan interactions comes from studies on a protein binding to a single
glycan structure or multivalent peggtations of that same structure. The influence of unrelated
glycans on a |l ectinds recognition of the cogn
challengedby the large diversity in glycan structure, and the relatively low abundanpedic
glycoforms. Reports exploring this phenomenon are limited, howandmteresting
discoveries have been made indicating that unrelated glycan structures in the cellular
microenvironment can have modular effects on the ability of a carboainalieg protein to
bind its cognate ligand (i.e. enhancedominish).3*3 Neverthelessmproved glycomimetics and
precisionglycoengineering strategies are requite@tetter understand the impacts of a
heterogenous glycosylation landscape on prdtaintion andnform the design of therapeutics

targeting thespathways.
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1.4.Lewraging glycobioloqgy for therapeutic development

The development of prophylactic vaccines ugngumococcusapsular polysaccharides in the
early 194006s r epr es gnanbasednherapead motlehnenedicalst not ab
history.3” Since then, glycabased vaccines have been developed against a variety of pathogens
includingother strains of bactetipathogenic fungiand various cancef&*° These vaccines

make use of unusual glycan structures displayed by disease cells to elicit an immunogenic
response culminating in protective cellular and humanatunity. Due to the weak

immunogenicity of glycans, however, a carrier protein or adjugacdmmonly used in the
immunization to encourage the activation of helper T cells which are integral for the propagation
of animmune responsy the adaptive immune systéfmActivated helper T cellare then able

to promotehe proliferation of antibodyproducing B cellsagainst foreign glycan structures
Monoclonalglycanspecific antibodies have been proven to be successful therapies against
various malignant cancers, with several glyspecific antibodies in the pipeline for FDA

approvatz44

Therapeutic glycoproteirend glycoconjugatedsavealsobeen leveraged fdahe
treatment of disease. Prominent examples inadenoses-phosphate (M6PNodified
hydrolases fothetreatment ofysosomal storage disordets/sosomal storage disordense
caused by defectiveorting of hydrolytic enzymes to the lysosome where they mediate the
breakdown of cellular metabolites and waste, resulting in the accumulation of undigested waste
products in the lysosome and the manifestation of symptoms such asandgstiophy or
neurological disorderS.Enzymes are normally sorted to the lysosome by lysogargeting
recepto CI-M6PR which recognizes higimannose Njlycans containing a manneée

phosphatelntravenousnfusion of fresh enzyme containing this glycan (Enzyme Replacement
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Therapy) has been demonstrated to significantly reduce and in somésoagesarily cure
symptoms of lysosomal storage disorders like Pompe disease and Gaucherftisease.
Additionally, existing proteinbased therapies including erythropoietin (EPO) and insulin have

demonstrated longer hdlfes and efficacy when glycosylatét®

Several revolutionary discoveriésve also been madethe case of human moclonal
IgG antibodies, which contain a conservedlijcosylation site on As97 that is fucosylated at
the chitobiose cor@rigure 1.5) When fucose is removedp to al00-fold enhancement in
affinity is observed between the antibody Fc and tleRAaeceptor, resulting in a remarkable
>50-fold increase in antibodglependent cellular cytotoxicity (ADC@ndtargetcell killing.*® *°
Intravenous immunoglobulin (IVIGR mi xt ur e of h u commonly oskdyasd o n al
treatment for autoimmune disorders and in people suffering from immunodeficidragdsen
demonstrated to have aimiflammatory properties mediated primarily by the sialylated glycans
of the Fc domaing! *?Theseexciting findings havespurred great interest in the

glycoengineering of antibodiesd other glycoproteins for enhanced therapeutic efficacy.
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Figure 1.5. Structure ofa) human IgG1 antd) common Nglycan structures found on the
conserved glycosylation site at Asn297. Figure taken from a publication by, ¥amie}
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Glycoengineering isypically accomplishedby employinggenetic, metaboliGzchemica)
or chemoenzymatimethodsGenetic methods involvenockin or knockout of specific
glycosyltransferase/ glycosidasacoding genesf the glycosylation pathwaty control the
glycosylation engproducts. Howevegenetic manipulation ieborintensive, some
glycosyltransferase enzymes cannot be knocked out without compromising cell viability, and it
is challengingo obtain complete homogeneitygiycanstructure®*®® In metabolic engineering,
chemical inhibitors or derivatives of natural monosaccharides are used to modify the glycan
biosynthesis pathwayf live cellsto obtain the desired glycan structures. Whakes laborious
than the genetic methods, metabolic aegring is generally less efficient at preparing
glycoproteins with the desired glycofosnsince in many cases inhibition of glycan processing
enzymes is reversible and not compRét€hemical methods involve the total synthesis of the
glycan structurdollowed by attachment to the protein backbone by chemical conjugation using
synthetic linkers or by chemoenzymatic methdisemical methods can be timensuming and
expensive, as they typically require several synthetic steps with carefulandistego-
chemical control. However, total chemical synthgsieswell-defined ad homogenous glycan
products that cabe used for detailed studies on glycan functfdrastly, chemoenzymatic
methods involve enzymeatalyzed glycan synthesis and modificatimwitro, the glycan
substrates can either be synthesized completely enzymatically by the sequential transfer of
monosaccharides to a proteioceptor osynthesizedeparately and transferredzymaticallyen
bloc. An approach introduced by L-&ii Wang and others involves the chemical synthesis of an
activated glycan donor or its isolation from a natural source, followed by transfer of the glycan
structureen blocto a protein acceptor using mutant endoglycosidase enfiias process is

typically done in two steps, first deglycosylation of the glycoprétéirterogenous glycars
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donewith a wild-type endoglycosidase enzyme to yield the deglycosylated protein bearing the
reducing GIcNAc at each glycosylation site. Next, mutant endoglycosidase enzymes devoid of
hydrolytic activity, but replete with glycan transfer activigre used in the presence of activated
sugaroxazoline donors to transfstructurally welldefined glycans to theites ofGICNAc-
modificationon the proteingiving glycoproteinsvith homogenous glycan structurésThese
strategies have been used extensively for exploring glycan function and for preparing

glycotherapeutics with improved efficacy.

Geneticknock-down of FUT8(the sole fucosyltransferase responsible for-core
fucosylation inmammal$ with lentiviral shRNAor knockout by zincfinger nucleases have
been successful approaches for obtaigilygoproteins andnonoclonal antibodies with little to
no fucose contertf: S*Metabolic engineering witfluoro-fucose analogues and chemoenzymatic
engineering strategies using endoglycosidase mutants have also been pf3rigihg.
chemoenzymatic method has also been leveraged to instdil kiglylated glycans on the Fc
regions of IVIG which may translate to enhanced d@nflammatory activitie$! Total chemical
synthesis of chemically modified natural glycans, such as-matkfied disaccharidefollowed
by chemoezymatic transfer to the conserveglytosylation site of humamG has enablethe
site-specificclick conjugation of several therapeutic cargsesh as cytotoxic drugs for cell
specific killing or fluorophores for imagirf§.Furthermore, chemical conjugation of glycan
structures to synthetic scaffolds or proteins has given several useful multivalent glycomimetics
with application as viral entry inhibitors, drug delivery vehicles, immune modulators, and
vaccines$? Moreover, these tools have enabled the interrogation of the natural ligands for
various carbohydratbinding proteins and assigning functions to putative carbohybnatieng

proteins®* ®Thesefew notable examples illustrate the impact that glycans can have on the
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biological function of proteins, and how glycoprotéased therapeutics canfoether improved
by glycoengineering. In these next chapters, | will make use of chemical synthesis and
chemoenzymatic glycoengineering strategies to investigate the biological functions of several

human Nglycans and leverage them for therapeutic funstio
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Chapter2: Synthesis and Immunological Study of®ycan
Bacteriophage Qb Conjugates Reveal
the Conserved Chitobiose Core.

Part of this work was published Bioconjugate Chemistif

Donahue, T. C.; Zong, G.; O'Brien, N. A.; Ou, C.; Gildersleeve, J. C.; Wang, L. X., Synthesis

ard Immunological Study of \GlycanBa ct er i ophage Qb Conjugates R
Antibody Responses to the Conserved Chitobiose Gaveonjug Chem, 2022,33(7), 1350

1362.

L.X.W. conceived the idea and supervised the research; T.C.D. and L.X.W. designed the
experiments; T.C.D performed the experimer@s;Z. andC. O. assisted in chemical synthesis
and data analysi. O. and). C. G.performed the glycan microarrayalyss; T.C.D. and
L.X.W. analyzed the data and wrote the manuscript; adiudbors contributed to the revision of
the manuscript.

2.1INTRODUCTION

Glycans araubiquitous molecules of the cell aace known to play a crucial part in protein
signaling, cellmediated immunity, and cell migratidf.%” Carbohydratebinding proteins with
distinct glycan structural specificities such as lectins and glgpanific antibodies have long been
used as valuable tools for functional studies involving glyéirs.particular, glycanspecific
antibodies aresually of ecellent specificity for the targetygtars and have foundpplicatiorsin
the diagnosis anleatment of diseases such as autoimmune and infectious diseases, arftf cancer
> On the other hand, targeting pathogencancesspecifc carbohydrate antigens constitutes an

important approach for vaccine desfgi®

N-Glycosylation, the attachment of an oligosaate to the amide side chain of an
asparagine residue in proteins, is a major posttanslational modification of proteins found in
eukaryoic systems. The correspondinglicans can be categorized in three major forms,

including highmannose type, compleygde, and hybrid type. While sorhgpersialylated muki
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antennary complekype andruncated\-glycansare associated with diseases such as
autoimmunity and cancer, very fewdlycan specific antibodies have been charactefizég &

A notable exception is the identification of a new class of ghgpendent broadly neutralizing
antibodies against HRAL in re@nt years. These include antibody 2G12 that recognizes a unique
High-mannose Nylycan cluster on HIVL gp120°! and the PGT seriemtibodies (PG9,

PGT128, PGT121, and 41D74) that recognize conserveeglycans and a peptide region

located in the V1V2 and V3 domains of HIMgp120°#8° Other reported Myjlycan specific
antibodesinclude thoseargetng thepaucimannose MasGIcNAc, andthe desialylated tetra

antennary complekype N-glycans, but with poor affinity or specificif§.

One of the major challenges facing the development of gigpanific antibodies is the
low immurogenicity of carbohydrate antigens, primarily duadtivation of a helper T cell
indgpendent immunological pathway.*°Several approaches have been undertakegererate
new glycanspecific monoclonal antibodiek an elegant approach Byanceiand coworkers,
evolutionarily distant lamprewere chosemas animal modslto raise monoclonal single chain
Variable Lymphocyte Receptors (VLRS) or lambodies againatiaty of tumofrassociated
carbohydrate antigef$Lamprey donot havethe sameell-surface glycarstructures as higher
vertebrates, and were demonstrated to elicit strong immune responses against otherwise universal
mammalian glycans. Expanding on this approach, Cumnaindseworkers havdeveraged
whole cell immunization and yeast surfadisplay Ibraries to select lamprey B cells with
specificity towards cell surface glycans, and obtained an array of useful monoclonal VLRs
against severaérminal epitopes of cell surfagycans’® °*However, heterogeneity in the cell
surface glycome of the whole cell vaccine nskélifficult to obtain antibodies specific for low

abundance glycans, and isolating glyspecific antibodies from infected patients is not pdesib
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for the nondisease associated carbohydrates. In these situations, antibodies produced by
immunization with semisynthetic immunogens can still be an advantageous strategy to achieve

monoclonal antibodies with narrow specificity.

To improveglycan immunogenicitysynthetic neoglycoconjugate immunogens
composed of glycan antigens conjugated to an immunogenic carrier @@employedo
enhanceVIHC-II type presentation by helper T cells aodictivate B cell proliferatiod®
Several carrier proteins and adjuvants have been shown to be effective in eliciting higi titers
carbohydratespecific IgG antibodiesncluding CRM197 (a nontoxic mutant of diphtheria
toxin), thetetanus toxoid protein, aride viruslike nanoparticleb act er i ¢ hage Qb
Bact er i oip&wruslke nQrfmparticle that consists of 180 protein subunits per particle.
The protein subunits encapsulate bacterial RNA which can also act as an atfjlisene are
severaldvantagefor usng Qb as a platfornfor thedesignof epitopebased vaccine¥' %®The
rigid and highly repetitive surface pattern permits highly ordered display of multiple copies of
glycopeptide epitope®Q b has been shown to be particularly
glycan antigens dum its highly ordered arrangement of free lysines available for bioconjugation
which promotes Bell receptor crosslinking, and helper T cell epitopes that facihtlfgerT

cell recruitmeng? 99101

Early attempts to generatediycanspecific antibodiesising Nglycan containing
glycoconjugats asmmunogenshavefocused on generating 2& like broadly neutralizing
antibodies (bNAbs) that recognize the highnnose patcbf HIV gp12Q but they were met
with limited succes&?? Immunization with tetravalent galactosibased MangGIcNAc; clusters
conjugated to keyhole limpet hemocyanin (KLEljcited antibodies that react strongly towards

t he I mmunoge n 6 svithmedatively lawititdreof glydamsgeeific antibodies that
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areonly weakly crosgeactive with HIV gp123° In otherreports, immunization with Mar9
glycopeptides or Man8SA conjugate appear t@roducehigh glycanspecific antibody titers
with weak affinity for recombinant HIV L2019 1%However, the glycan specificity has not
been fully characterized.a@®bits immunized with Mar® b ¢ 0o n maugtedtsteoisg glycan
specific immune responses, but antisgesefound to target mannose linkagegioé three
mannose core structranddo not crossreact with the HIV envelopglycoprotein gp123°
More recently, Krauss and -eeorkers demonstrated thdt@omannoseglycopeptideconjugates
as mimics of the 2G12 epitopkcd antibodies targeting the oligomannose core instead of the
external mannose moieties, probably dua4mannosidaseatalyzed trimming of the outer
mannose residué8’: 19%80n the other handye designed and synthesized salfuvant three
component immunogarthat consist of theéllV-1 V3 glycopeptide epitogecarrying one or two
N-glycans, auniversal Fhelper epitope P30, andipopeptide (ParCSKa) ligand of Toltlike
receptor 2 for stimulating immune respoA%&121t has beeshown that the synthetic three
component glycopeptide immunogens can elicit glygdependent antibodies. Moreovére
inducedantibodieshaveexhibited broad recognition of several HIMgp120s across clad&$
112 Despite thesdevelopmentsraising Nglycan specific antibodies through immunization

remains a challenging task that merits continuous efforts.

To address the general lack of consensus in immunogen desigmiaiodm futureN-
glycanspecificantibodydevelopmentwe describe in thipaperthe design and synthesis of a set
of N-glycanQb i mmunogens bear i nglycahsiandawoiferehtfcreemieah t
linkers.Our mouse immunization studies showed thalN-glycanQ bconjugates raised
significant IgG antibodies that recognizeglycans but, surprisinglynost of the glycan

dependent antibodies were directed to the chitobiose coneerechonspecific for respective N
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glycan structures. We also found that the linkers affected antibody specificity and sialylation of
the Nglycans significantly suppressed glyedependent immune response. During this work,
Wong and ceworkers reported thiemmunization of CRM19+based glycoconjugates bearing
hybrid-type or truncated higmannose type Mlycans and found that most of the IgG antibodies

responses were directed to the chitobiose core regardless of the nateglycdmg'>

2.2RESULTS AND DISCUSSION

Semisynthesis of tagged Nlycans To avoid the cumbersome synthetic procedures
commonly involved in the totalhemicalsynthesis of mammalian-Ylycanswe used a top
downchemoenzymatic approach for quick access to differeglyban structures by sequential
enzymatic trimming of tweeadily available natural fg§lycans. Thus, the asparagine (Asn)
linked sialylated biantennary-lycan S2G2GIcNAcz-Asn, 2.1) was synthesized by protease
digestion of a sialoglycopeptide (SGP) obtained from chicken egg 68 Then,2.1 was
subjected t@xoglycosidase trimmingy anU ( 2 , -neérdangnijdasand ab ( 1-gakcrosidase
to afford thetruncated complex type-jlycans,SOG2GIcNAc2>-Asn (2.2) andSOGGGIcNAC,-
Asn (2.3), respectively. Thaigh-mannose type Nlycan,MansGIcNAc2>-Asn (2.4) was obtained
from protease digestion of soybean agglutinin followed by gel filtratwomatography?’

Trimming of 2.4 with U ( 1-madnosidasgave theMansGIcNAcz-Asn (2.5) 128 (Scheme2.1).

The N-glycans were then functionalized at the free amino group of the asparagine to
install reactive handles. First, we soughfuioctionalizethe N-glycans with a linker carrying an
N-hydroxy-succinimideactivated ester for protein conjugation. For fhuspose, achAsn
linked glycan(2.1-2.5) was reacted witAn excess (10 mol. equiv.) Nthydroxy-dissucinimidyl

adipate in anhydrous DMSO in the presence of triethylamine (Sché&jnéfter 2 h, the
20



reaction was complete as judged by-MS analysis Initial attempsto purify the activated N
glycans by eversephase HPLC and watehloroform extractionfailed, as the NH&ctivated

ester wasabile andwasreadily hydrolyzed to the free carboxylic addring the procedures

The purification of the products was achieved by lyophilization of the reaction mixture to give a
dry film, followed by washinghoroughly with chloroform to afford thglycan moneNHS

ester§2.1a25ai n reasonable purity and good overal/l

Next, we synthesized thalkynetagged glycan&.1b-2.5b), which would enable click
conjugation with an azidmodified carrier proteinThus, Nglycans2.1-2.5 were reacted with-4
pentynoic acid NHS esté8 mol. equiv.)n a solvent system of 25%6etonitrile and 75% sat.
NaHCQ at room temperature, thehecrude mixture was desalted on a Sepharose G15 column
andfinally purified by reversgphase HPLC to obtaid.1b-2.5b in moderate yield (58-72%).

We also synthesizestjuaric acidfunctionalized Nglycans which would allow direct coupling

with free amino groups on a carrier protein. Tiglycans2.1-2.5 werereacted with an excess

(20mol. equiv) of 3,4-dimethoxy3-cyclobutenel,2-dione at 37C in a phosphate buffer to give

the glycarAsn-squaric acid monoamid¢2.1c-2.5c), which werepurified by gel filtration to

obtainthe respective products good yieldq66-84%)(Scheme2.1). Functionalized Nglycans

with alkyneormondfNHS handl es were ready for coupling v
glycoconjugate immunogens, respectively. On the other haxtiddnsquaric acid

monoamidesd.1¢c-2.5¢) could be coupled to another carrier protein sudho&me serum

albumin (BSA) and used as coating antigens foasmeng glycarspecific antibody titers.
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Scheme2.1. A) Synthesis oflifferent N-glycans through enzymatic trimming of theg/can
precursorsB) Functionalization othe N-glycars with monoNHS, alkyne, or squaric acid
monoamide tags.

Synthesis of NglycanrQb i mmu n o g glycanB8Aicdating antigensWith the
activated Nglycans R.1a-2.5aand2.1b-2.5b) in hand,we prepared two types dI-glycanQb
conjugates as immunogens, which differ in their linker structures. The synthesis is summarized

in Scheme 2. Reaction ofjlycan moneNHS estes 2.1a-2.5a with bacteriophage (8 mol.
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equiv.of N-glycan perQ bsubunit) in nosphatéuffer (pH7.4) gaveheN-glycanQ b
conjugateg2.7a-2.11a), respectively. It was found that a relatively high concentratidp fofras
important for efficient coupling with morNHS ester®.1a-2.5a, as hydrolysis of the NHS
activated Nglycars becameignificant over the course of the coupling reaction. Eagtion
progress was monitored by MALEIOF MS The final glycan loadingyr theaverage number
of glycans conjugatet theQ bparticle,wasestimated by SDPAGE analysi®ftheQ b
subunits aftereduction ofconjugate®.7a-2.11ab y -mércaptoethanol reducing agent. The
SDSPAGE analysis of the reduc@d’a-2.11aindicated a mixture of thelisubunits carrying
mainly O, 1, and 2 Mlycans Figure 21A). Quantitative analysis of tfteDSPAGE band
densityby Bio-Rad ImageLab softwamaiggested that the glycan loagirangel from 135to

181 per nanoparticle (i.e., per 18@®Qubunits)or the glyc@onjugate®k.7a-2.11a(Table2.1).

For the conjugation with thalkynefunctionalized Nglycans 2.1b-2.5b), azide moieties
weref i r st i nstall ed oacoppdicataly@du azdalkyneicyclbadditiono e n a b |
(CuAAC) reaction with the carrier proteifihus, wid-t y p e Q flatedaith 16sequivalents
of the &ido-(PEG)-NHS ester iraphosphate buffefpH 7.4), following our previously reported
proceduré?!®giving theazidoQ b ¢ o n(R.6) mearingean average of 270 azide g®ukfter
purification of conjugat@.6 by dialysis thetriazole linked glycaxQ b ¢ o n [2ibg2d.1be s
weresynthesizedby reaction oR.6 with the alkynefunctionalized Nglycans 2.1b-2.5b) (8 mol.
equiv.of N-glycan perQ bsubunit), following a modified procedure described by Finn and co
workers'?° The click reaction wasionitored by MALDITOF MSanalysis. Afte8 hat 37C,
theN-glycanQ b ¢ o n had geached & suitaldéycan loadingas assessed by SIPAGE
(Figure 21B) analysis of the reducg@db s usbrberglydan loading of conjugategb-2.11b

was found taange from 137 to 168 p€r bparticle (Table2.1). Thustheaverage number of-N
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glycans conjugatetb both sets of immunogen®.7a-2.11aand2.7b-2.11b,were comparable so
that any significant difference in immune response could be attributed to the chemical linker

employed for bioconjugation

To enable analysis of glycapecific antibody titers in mouse serum after immunization,
we synthesized the coggonding NglycanBSA conjugatesd.7¢-2.11¢) using asquaric acid
linker. Importantly, these conjugates contain a carrier protein and a linker different from the
immunogensZ.7a2.11aand2.7b-2.11b). As a result, these glycoconjugates wouldbiéable
as coating antigens to detect antibody responses specifically for the respective glycans without
cross reactivity to the carrier protein or linker. Thus, BSA was reacted witlytadg\sn-
squaric acid monoamid€2.1¢c-2.5¢), respectively, in @arbonate buffefpH 9.5 (60 mol. equiv.
of the dycanAsn-squaric acid monoamideer BSA) at 3 °C for 18 h The glycan loading of N
glycanBSA conjugatesq.7c-2.11¢) was determined bWMALDI -TOF MS analysis by taking the
observed mass difference betwéle® N-glycanBSA conjugates and free BSA divided by the
mass of the correspondingdiycanAsn-squaric acid monoamid@.Lc-2.5¢). This gave an
average glycan loading ranging from 8 toNl:@lycansper BSA for the resulting
glycoconjugates?.7¢-2.11¢) (Figure 22). These data are comparable to previous reports using

the squaric acid ester method for conjugation of oligosaccharides of similar size 16°83A

Table 2.1. The linkers and average glycan loading of the synthetityblanQb conjugate
immunogens.

Qb conj R Linker Loading (n)
WT-Qb - - -
212 -OH triazole 270
2.7a S2G2GIcNAc;  adipic acid 148
2.8a SO0G2GIcNAc.  adipic acid 135
29a SOGOGIcNAc,  adipic acid 144
2.10a Mane-GIcNAC2 adipic acid 168
211a Mans-GICNAC adipic acid 181
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2.7b S2G2GIcNACc, triazole 168

2.8b S0G2GIcNAC, triazole 137
29b SOGOGIcNAC, triazole 133
2.10b Mane-GIcNAC: triazole 164
211b Mans-GIcNAC: triazole 139
_ [ ;-w P . _,, PR ” #1204
v MR O g M DM
D) ;. E) | . P
T 2+ + o [M+H] +
WIM[M+2H] [M+H] ‘[MTZH]B ., [M+H]
f"l]‘- / _ me2H

Fi g22MdALDBNIOF MS of commdr th®8ISABgaaRlugbh)es

A, commer c27acvi BIBgAI8BYy dBann savie BB @et h-glBy dNans ;on averl
D29 avi t h -g@©l.y5c aNn's ;o rtEL,Qwietr la ¢ggddl. y5c aNn s ;0 2R ,hwietrha gle0
N-gl ycans .on average

Mouse immunization and glycanspecific antibody titers.Female C57BL/6 mice were
immunized subcutaneously withe adipoylinkedglycanQb ¢ o n [27ag2d 1a@reups 3
7) andthe triazolelinkedglycanQ b ¢ o n [2ilg2d 1begoups 812), asemulsions in

compl ete Freundds adjuvant on daynindomplete t h boo
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FreundosWhtdypea®b ( gr ouQb?21Q groapiiwete mcluded asl e
controkto facilitate identification of noispecific immum responses. Blood samples were
collected on days 0, 7, and 35 and glysaecific antibody titers were evaluated on pooled
serum samples of each group agahigflycanBSA conjugate®.7c-2.11crelative to the day O
pre-bleed. The results were summarizedTable 22. As expected, the controls (groups 1 and 2)
showed only marginajlycancrossreactive responsesity endpoint titers of 720 and 260,
respectively.Encouragingly, ignificant antiglycan responses were detected in all groups
immunized withglycanQ b i mmu.mowg\vem lsw Nglycanspecific antibody titers were
observed in groups that receivMetmunogensarrying sialylated Nylycans §2G2 complex
type N-glycan 2.7aand2.7b). Thisresult might be partially explained by the fact thaly$sied
natural Nglycans induce immune tolerance via sigsatic acid interaction$.'22Notably, the
day 35 titers induced by glyca@b i mmu n o g e radipicaadinkessicanjugate.7a-
2.11a groups 47) were significantly higher than those found for the triatioleed glycanQ b
immunogensZ.7b-2.11b; groups 912). These results appear to be consistent with previous
reportson similar linker structureshich suggest thathe immunogenic triazole linker reduces
immune responses to glycan antigens, while the less immunogenic linkers such as the adipoyl
moiety inducehigher titers of glycamiependent antibodié$>1?® Interestingly, the glycan
specificantibodytiters induced by immunogens carrying smalleglycanswere higher than
those carrying larger 4glycans with antibody titers again&0G0-Q b(2.9a; group 5)andMan5
Q b(2.11a group 7)being the highest. The day 7 titers also follow this trend for groups 3
(Table2.2). The Man5adipoytQ bconjugate 2.11a group 7)was found to be the most
immunogenic, giving an excellent titer that is comparéblkentibody levels previously reported

for glycopeptide immunogens® ?The high immune response against conjugdtea as
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compared to the other glycan immunogens or conju@atd may reflect an immune response
mounted against a core glycan epitope ssitde on the flexible adipic acid linked conjugate

(2.114).

Table 2.2. IgG antibody titersdeterminedy ELISA experimens?

Group Immunogen R Linker Day7 Day35 Anti-
titer titer triazole
titer
1 WT-Qb - - - 720° -
2 212 -OH triazole - 260° 3200
3 2.7a S2G2GIcNAc, adipicacid <50 800 -
4 2.8a SO0G2GIcNAc, adipic acid 50 12800 -
5 29a SOGOGIcNAc, adipicacid 200 12800 -
6 2.10a Man9-GIcNAc. adipic acid 800 12800 -
7 211a Man5GIcNAc, adipicacid 3200 102400 -
8 2.7b S2G2GIcNAC triazole 100 1600 12800
9 2.8b S0G2GIcNAC triazole 50 800 25600
10 29Db SOGOGIcNAC triazole 400 3200 800
11 2.10b Man9-GIcNAC, triazole 1600 3200 12800
12 2.11b Man5GIcNAC, triazole <50 1600 1600

3 Glycanspecific antiboy titers for days 7 and 35 were determined by ELISA agéiest
respectiveN-glycanBSA conjugate$2.7¢-2.11¢) carrying the same fglycan Anti-triazole
titers were determined for day 35 antisera agdimedtiazole BSA conjugat€2.13).

b) Antibody titer is an average titer against the respectigdyblanBSA coating antigen2(7¢-
2.110).

In contrastJow endpoint titersvereobservedor groups of mice immunized with the
triazolelinked N-glycanQb i mmu r2.8beg 4 Iib; groyps 812) andno obvious pattern in
glycanspecific titers was found (Table2Z). In most casesiigh antitriazole titerswere
observedHowever, theravas no correlation between aittiazole titer and Nylycan response,
suggesting that the triazole linkagrasnot solely responsible for the low immunogenicity but

might instead be limiting the repertoire of agtiycan antibodies as repied for mucinspecific

antibodies elsewheré? N-glycanspecific IgM antibody titers were also measured and found to
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be much lower than the corresponding IgG antibody titeablé 23), indicating successful

classswi t ching induced by the Qb carrier protein

Table23.Gl ysaomrci fi c | gM-1t2i trmeerass uorfe dg roomg pdsaeBE B 5 a g a
coati ng27ailtlicgens

Group Immunogen Glycan (R) Linker IgM titer

1 WT-Q b - - -

2 212 -OH triazole -

3 2.7a S2G2GIcNAc,  adipic acid 200
4 2.8a SO0G2GIcNAc,  adipic acid 800
5 29a SOGOGIcNAc,  adipic acid 800
6 2.10a Man9-GIcNAc,  adipic acid 1600
7 211a Man5-GIcNAc,  adipic acid 6400
8 2.7b S2G2GIcNAC; triazole 3200
9 2.8b S0G2GIcNAC triazole 1600
10 29b SO0GOGIcNAC; triazole 1600
11 2.10b Man9-GIcNAC, triazole 800
12 2.11b Man5-GIcNAC; triazole 800

Glycan microarray characterization of anti-glycan specificity. The glycanspecificity of
mousepolyclonal antiseravas determined bglycan microaray containing diversglycan
structuresmmobilized to an NH&ctivated glass slide. Immobilized glycans included various
N-glycan isoforms conjugated to BSA by reductive amination, which saaukéduction of the

first N-acetylglucosamine (GIcNAc) moiety of thedliycan stretures(Fig. 2.3A). As expected,

no significant binding was observed by either of the control groups (groups 1 and 2) to the target
glycan ligands, except for group 2 antisera which bound strongly to ligands containing a triazole
linkage 6tructurel3, Figure2.3B). To our surprise, the antisera did not show any significant
binding to the Nglycans containing2G2GIcNAc:, SOG2GIcNAc:, GO-GIcNAc:, Mang

GIcNAcy, and Man5GIcNAc: immobilized in the glycan arraigtructures 47, Figure2.3B).

Some binding wasbserved to small oligosaccharide fragments-gfiy¢ans, but none to the
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larger structures. For example, an appabémding was observed towards a manaosg 1-, 6 )
mannose BSA conjugated disacchadataining a &carbon alkyl diamide linkefstructures,

Figure2.3A) by antisera fronN-glycanadipoytQ b 2.76-2.118) immunized micedroups 37).

The data impf that the antisera from these groupight recognize thé)1,6)-mannose linkage

of the core mannose structure common to adfljitan immunogengdowever, the results

require further verificationinterestingly antisera from mice immunized with conjugat&Oa
(Man9-adipoytQ b , g rslhowad stng binding towandannosestructure7 and also bound

ligands containing similar mannose linkages, sugugshat the antisera from this group could
recognize branchedmasnmausd uarelm owc h haes Ut(Hg $8 ¢ «
U(1, 6) ma n rinocenerasting bindtire tpwasds reduceddlycans of)1,6)-mannose
structures was observed gsoup 812 antiseralicited by NglycantriazoleQb | mmunogens
2.7b-2.11b (structures 16, Figure2.3B), suggestinghat immunogen&.7a-2.11aelicit immune

responses against more diverse glycan epitopes when compared to immaidgerislb.
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Figure 2.3. A) Structures of relevant glycan antigens immobilized on glycan microarray. Anfigease Nglycans
immobilized by reductive amination, antigghand7 are synthetic mannose structures, antigh2 are Nglycan
antigens with the reducing GIcNAc intagintigen13is a control ligand for testing binding tee triazole linker.B)

32



Binding of pooled antiseraf six micefrom groups 112 to antigend-13 on glycan microarrayNumerical values
on x-axis represent coating antigens from panel A, abbreviatectstes of NglycanQb | mmunogens are ir
above each graph. Fluorescent signal recorded as Raw Fluorescence Units (RFU).

A key difference between the ELISA and glycan microarray assay was the structures of
the captured glycan antigens. Tgigcan mcroarray experiments were conducted using N
glycanBSA conjugates prepared by reductive amination, a coupling method that destroys the
pyranosestructure of thdirst GICNAc at the reducing endjving a ringopened secondary
amine(structures 85, Figure2.3A). However, the coating antigens used for ELISAgIMcan
BSA conjugate®.7c-2.11¢) keep the native Ashinked N-glycans structures intact (structures 8
12, Figure2.3A). The apparent difference in antibody responses as nesblSyrELISA using
intact N-glycan coating antigens and glycan array witglixcan coating antigens lacking the
first GICNAc moiety, strongly suggest thiereducingendGIcNAc structure of the Nylycans

couldbe an essential immune determindat mountng antibody responses agaihsglycars.

To evaluate this hypothesis, we also printed the intactliAkad N-glycans on
microarray slidegstructures3-12, Figure2.3A) and performed the glycan array analygie
found that the antisera from migcemunized with the adipoylinked glycanQb conjugates
(2.8a-2.11a groups 47) all raised robust and strong antibody responses that recognize the intact
N-glycans without apparent specificity. In addition, the antisera from the mice immunized with
the triazolelinked glycanQb conjugatesZ.8b-2.11b; groups 912) also demonstrated binding to
the intact Nglycans printed on the slides, but with much lower affinity (Figu88). Consistent
with the ELISA data, antisera fromice @roups 3 and)@mmunized with the sialylated-N
glycanQb conjugates4.7aand2.7b) failed to raise significant antibody responses capable of
recognizing the Nglycans on the slidetterestingly however,antisera from groups-@ and

groups 911 showed a similar pattern ofgdycan recognitionwhere the observed bindingysal
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was incrementally higher for truncatedgh/cans within each respective complgpe and high
mannose Nglycan class. In other words, the binding signal of pooled serum samples from
groups 46 or groups 91 to the immobilized MjlycanBSA conjugateincreased incrementally
when comparing S2G2 to the shoi®G0 complextype N-glycan antigens and when
comparing Man9 to the smaller Man5 higtannose Nylycan. This pattern in fglycan
recognitionmay correlate with increaslaccessibility taa structureon the reducing end as the

N-glycan becomes smaller.

Epitope mapping of antisera specificity.To further elucidate the epitope of the glycan
specific antibodies, we synthesized BSA conjugates bearing discrete and overlapping structural
units common tahe reducing end of the-jlycan immunogens. Specifically, BSA conjugates
bearing the asparagine moie®/@), the reducing end GIcNAR(19), and the chitobiose core
(2.20) were designed as coating antigens for ELISA (FigAR A BSA conjugate bearinthe
methylaminecapped squaric acid linke2.17) was also prepared to exclude the possibility that
the squaric acid linker was the source of antibody ereastivity. BSA conjugates bearing
squaric acid, asparagine, and chitobiose were prepargel hgw synthesis, whereas the
reducing GIcNAecontaining BSA conjugate(19) was prepared by endoglycosidase digestion
of Man5BSA conjugate2.11cwith wild-type EndeCC enzyme fronCoprinopsis cinered?’
Antisera from mice immunized with-ijlycanQb c onj u g a4l® showedmiromalp s 3
binding to coating antige®.17 with methylaminecapped squaric acid linker, demonstratimat t

robust binding was not due to cragsctivity to the squaric acid linker (Fig4B).
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Figure 2.4. A) Structures of relevant antigens coated on ELISA pBit8inding of pooled
antiseraof six micefrom groups 312 to epitopes representing the reducing end-gfyidan
immunogens. Numerical values orayis are absorbance intensities representative of antisera
binding at a 1:200 dilution, antisera from each graepetested in duplicate.

Furthermae, most of the groups showed little binding towards the asparagine amino acid
conjugate 2.18), indicating that the asparagine amino acid backbone was not an important
epitope for the observed antibody response. One exception was theaMpa$Q b
immunogen R.11a group 7) which elicited antibodies with strong crosactivity to the Asn

structure, partially explaining the high antibody titer observed for this group. Interestingly, a
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significant increase in antibody binding was observed towards caattiggen2.19 bearing the

reducing end GIcNAc for groups@l The results suggest that the reducing GICNAc was a

predominant structure responsible for raising the ghgpaetific antibody response. However, no
significant increase in binding towards thisting antigen was observed for group 7, indicating

that the reducing GIcNAc is not an important epitope for antibodies raised by immuhbgen
(Man5-adipoytQb). In contrast, little to no increase in binding was observed towards this same
coatingantigen by antibodies from-flycantriazoleQb i mmuni zed ¢glR)oups (grc
except for the group 11 mice immunized with Md@n8zoleQb . These results cl e
difference in the specificity of antibodies elicited byglfcan immunogens preparadth

different linker chemistries and suggest that linker chemistry can affect the immunogenicity of

nearby structures such as the reducing end GIcNAc.

Lastly, binding of mouse antisera was evaluated against BSA coating antigens bearing
the chitobiose cer (2.20). Strong binding to the chitobiose moiety was observed for all antisera
elicited by the NglycanQb immunogens4.8a-2.11aand2.8b-2.11b; groups 47 and 912),
including those containing different highannose and complex typed¥ycans. This tred did
not hold true for the sialylated-tlycanQb immunogensZ.7aand2.7b; groups 3 and 8),
however, and can be attributed to their low immunogenicity. These results clearly suggest that
the chitobiose core of the-Blycans is an immunodominant epitdpat raises antibodies cress
reactive to different Nylycans that carry this moiety. Furthermore, weak but significant binding
to SARSCoV-2 spike protein was observed for antisera from grdupby ELISA (Figure 25),
with antibodies from groups 5 and 6 displaying the strongest binding. The reason for the
observed differences in binding of SAIRR®V-2 spike protein despite their comparable

specificity is not known but may reflect differences in antibody titers to axressible glycan
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epitopes such as the i nne rmamgsearm. Adtlitionadllyptge Gl ¢ NA
affinity of the raised antibodies is not known and could be an important factor affecting the
recognition of glycoproteins like the SARSV-2 ike. Nevertheless, this result demonstrates

that the elicited chitobiosgpecific antibodies can also recognize natural glycoproteins.

=
o
I

-©- Group 1

= -~ Group 3
o
D 1.0+ -+ Group 4
° — Group 5
(&)
_czcs v ] -+ Group 6

0.5
= —— Group 7
(2}
Q0
<

0.0 1 1 1 1

64 256 1024 4096

log (Dilution factor)

Figure2-5.Bi ndi ng curves H&oti segramup dashglat iBnosnts o f
SARSo¥ spike protein coating antigen

Recently, Wong and eworkers have reported a similar observation when they attempted
to raise hybrid Nglycanspecific antibodies against Hi¥ glycoproteins3 They have found
that mice immunized with CRM19%ased glycoconjugates bearing hykside or truncated
high-mannose type Mlycars elicit IgG antibodies that are directed mainly to the chitobiose core
and are nonspecific for the-§lycans carried by the immunogens. The authors have further
shown that the polyclonal antibodies raised with a chitob@RM197 conjugate could equally
recognize complexype and highmannose Nylycans by a glycan microarray analysis. Our
results are consistent with their findings and provide further information on the binding

specificities of Nglycanspecific antibodies. In addition to the findings mihhunodominance of
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the chitobiose core, we also found that immunogens containing the sialytglgdax were
poorly immunogenic in comparison with the immunogens carryingimghnose type or
truncated complex type-blycans.Furthermore, th&l-glycanQ b mniunogensvith adipoyl
linker were found teelicit much higher titers of the glycadependenantibodes than the

corresponding triazoténked N-glycanQb conjugates.

In a related study, Krauss andworkers have shown that 2G12 epitope mimics
consisting of bgomannoselycopeptideconjugateswhich lack the chitobiose cordio#t
antibodies targeting thdygancore instead of the external mannose moiéties® The immune
response to the mannose core is attributed partially to the fact that endogienansosidases
trim the outer mannose residues in the immunogens during the immuniati&tMore
recently, Ye and cavorkers have reported the synthesis and mouse immunization of the
CRM197 conjugates of the Man5 core and its fluorinated derivatives that lack the chitobiose
core!?® They have shown that the Ma@BRM197 conjugate failed to raise any measurable
glycanspecific antibody responses; the fiimated ManSCRM197 conjugates stimulate
moderate Manslependent antibody responses but they do not show anyreewsivity toward
native HIV-1 gp120 expressing natural Man5GIcNApitope. The immune dominance of the
chitobiose core as well as the imneuolerance of the extendedd¥/can structures, as observed
in the present and other related studies, poses a challenge to-ty@amNspecific antibodies
through conventional glycoconjugate vaccine design and immunizhtgimould be noted that
in these synthetic glycoconjugate immunogens, the chitobiose moiety ofglyeas is
protruding out through the linkers, making it more accessible and recognizable to the immune
system, while the chitobiose moiety of naturagjicans in the context of glgproteins is

Aburiedo within the glycoprotein structure
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difference may partially explain the immunodominance of the chitobiose moiety in the
Aartificial 0 synthetic gl y cabive studiesuaeaegureditommu n o g

clarify this point.

2.3CONCLUSION

We report here a facile and selective modification of thelikd®d N-glycans at the
asparagine moiety witbthemically compatible handléisat allow sitespecificbioconjugation to
bacteriophag€ bor othercarrier proteis to make glycommunogens or cdilmg antigens.Our
immunization studies with the synthetieglycan Q bconjugates reveal unexpected antibody
responses that were directed largely tocthéobiose core regardlessthe N-glycanstructures
included in themmunogens. Furthermore, we denstrate that the sialylated@lycans are
much less immunogenic than the higlannose type druncatedcomplex type Nglycans. The
immure dominance of the chitobios®reof natural Nglycanscoupled with the immune
tolerance of the extended naturaglycan structuresnay partially explaiwhy very few
antibodies have been characterized #natspecific fodifferent natural Nglycans. The robust
immunogenicity of the chitobiose core also poses a challenge in vaccine design aiming to raise
glycanspeciic antibodiessuch as théroadly neutralizing antibodies against HIVOne
possible solution is to modify the chitobiose core to reduce its immunodominance or to
selectively modify the outer monosaccharide moieties to make them more immuragenic

raise antibodies that can specifically recognize the respective natghatdlorms

2.4MATERIALS AND METHODS

Materials: The biantennary completype containing sialoglycoprotein (SGP) was

prepared from dried heno6s eag{d Thedighkmarnasé | owi n g
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containing glycoprotein soybean agluttinin was prepared from soybean flour following a

previously reported methdd® Vibrio choleraen e ur a mi ni d a sgalactosRlase,andb ( 1, 4)
U ( 1-madnosidase were overexpressef.icoli BL21(DE3) cellsfollowing our previously

reported procedurg?® 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was purchased

from Oakwood Chemical. 10 KDa MWCO spin filters were purchased from Merck. High

binding polystyrene 38vell ELISA plates were purchased from Santa Cruz Biotechnology, Inc.

All other materias were purchased from Sigma Aldrich unless sated otherwise and used as

received.

General Methods: Analytical RP-HPLC wasperformedon a Waters626 HPLC
instrumentwith a Symmetry300C18column(5.0e m4.6x250mm). Analytical reversephase
HPLC wasconductedn all alkynefunctionalizedglycansusinganisocraticgradientof 100%
milli -Q watercontaining0.1%trifluoroaceticacidasmobile phaseA andaflow rateof 1
mL/min, with dualUV detectionat 214 nmand280nm. PreparativeHPLC wasperformedon a
Waters 600 HPLC instrument with preparative revgisase C18 column (Waters Symmetry
300, 19x300 mm) and dual UV detection at 214 nm and 28@ndhat a flow rate of 10 mL/min
for all purifications NMR spectraveremeasuredvith Bruker AV Ill HD NanoBay 400MHz
NMR spectrometeandthe chemicalshiftswereassignedn partspermillion. All MALDI -TOF
MS experiments were performedinga Bruker Autoflex Il MALDI -TOF massspectrometer
LC ESFTOF MS wasperformedusingan X-Bridge Shield RP18 3.5 um (2.1 x 50 mm) short
column coupled ta Micromass Z@4000 single quadruple mass spectrometegh-resolution
masswastakenon an Exactive PlusOrbitrap(ThermoScientific)with an Agilent Poroshell
300SBC8column(5 um, 75x 1 mm). To monitor reaction progress ofglye@b conj ugat es,

1 pL aliquot was taken from each reaction mixture and mixed with 0.2 pL of 1 M dithiothreitol
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(DTT) in separate 0.2mL PCR tubes. These samples were incubated at room temperature for 15
min to fully reduce the Qb particle to its in
Acid (SA) matrix before being spotted on the MALDI target plate. Aftgingdy, an additional

microliter of SA matrix was applied over each spot and the samples were analyzed under linear

mode once dry. MALDI samples of BSA conjugates were prepared similarly but without DTT
reducing agent. The conwaentmeaadwmed fby arcdin Qbdr ¢
= 26.3 L/ g*cm).The final concentration of the BSA conjugates were determined by Bradford

assay(BioRad)using a BSA standardcuryee r t he manuf acturer 6s i nst.
Preparation of Asn-glycan Starting Materials

N-glycanAsn starting material2.1-2.5 were prepareébllowing ourpreviously reported

method!?®
S2G2GIcNAcz-Asn (2.1).

72.8 mg preparedrom 200 mgof SGP (44.6% yield)}ESIFMS: calcd for GgH144NgOss, M =

2336.8 Da; foundn/z1169.3 [M + 2H}*, 780.2 [M + 3H}".
SO0G2GIcNAcz-Asn (2.2).

17.5 mg preparedrom 25 mgof compound.1 (93.2% yield) ESFMS: calcd for GsH110N6Oas,

M = 1754.6 Da; foundn/z878.2 [M + 2H}*, 585.9 [M + 3H}".
SOGOGIcNAC2-Asn (2.3).

15.3 mg preparedrom 25 mgof compound.1 (98% yield).ESFMS: calcd for GsHaoNsOzs, M

= 1430.5 Da, foundn/z1432.4 [M + 2H], 727.5 [M + Na + R], 485.3 [M + Na + 2H.

Man9-GIcNAc2-Asn (2.4).
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19 mg preparedrom 2 gof crude suybean aggulutini8BA). ESFMS: calcd for GsH124N40ssg,

M = 1996.7 Da, foundn/z999.6 [M + 2HF".
Man5-GIcNAc2-Asn (2.5).

6 mg preparedrom 12 mgof compound .4 (74.4% yield). ESFMS: calcd for GoHgaN4Ozs, M

= 1348.5 Da, foundn/z1349.7 [M + H], 686.5 [M + Na + H.
Synthesis of disuccinimidyl adipate linker (DSAP)

Disuccinimidyl adipate wasynthesized as previously reported by Narereral**°and

recrystallized from hot isopropanol to afford the tag@hpound as a fine white powder in 40%

yield 1301H-NMR (400 MHz, DMSOds): G ( pp m) 1. 7 11 1 -274(m,@H),2.8%(8) ;

8H).

General method for the synthesis of monadipoyl-NHS Functionalized glycans 2.1a-2.5a)

Glycans2.1-2.5 (1 mg) were first weighed as lyophilized powders and dissolved in 100 pL
anhydrous dimethylsulfoxide (DMSO), the solution was heated AT 46r five minutes for
complete dissolution. The dissolved glycan was transferred to a 2 mL glass vial and evhile th

solution was still stirring, 10 mol equivalents of DSAP linker was dissolved in 100 uL DMSO

and added slowly. Lastly, 10 uL of triethylamine (TEA) was added and the reaction mixture was

stirred for 2h at room temperature. Reaction completion was cosefirivy MALDI-TOFMS at

which point the crude product was quickly diluted in 50% aqgeuous acetonitrile and lyophilized.

The white film was then washed thoroughly with 4 mL chloroform (3x) to remove excess DSAP

linker. Before utilizing the mondIHS activated kycan, residual chloroform was removed by
lyophilization. Product yield of each pure NHidctionalized glycan was estimated by-MS
UV profile.
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S2G2GIcNAc2-Asn mono-NHS (2.1a)

0.98 mg (90% yield}HRMS (ESHVS): calcd for GaH1seNgOes, [M + 2H] 2+ = 1282.4538 Da;

found,m/z1282.447QM + 2H] %*.
SO0G2GIcNAc2-Asn mono-NHS (2.2a)

0.85 mg (75% yield)}HRMS (ESHMS): calcd for GeH12:N7Oss, [M + 2H] 2" = 990.8567 Da;

found,m/z990.855GM + 2H] 2*.
SO0GOGIcNAc2-Asn monoNHS (2.3a)

1.04 mg (90% yield)}HRMS (ESHMS): calcd for GaH10iN7Ous, [M + 2H] 2* = 828.8039 Da;

found,m/z828.802gM + 2H] %*.
Man9-GIcNAc2-Asn mono-NHS (2.4a)

0.89 mg (80% yield)}HRMS (ESHMS): calcd for GaH13sNsOss, [M + 2H] 2" = 1111.8830 Da;

found,m/z1111.8819M + 2H] %*.
Man5-GIcNAc2-Asn mona-NHS (2.5a)

1.1 mg (95% yield)HRMS (ESIMS): calcd for GoHesNsOasz, [M + H] * = 1574.5474 Da;

found,m/z1574.5469M + H] *.
General Protocol for the Synthesis of AlkyneFunctionalized Glycans 2.1b-2.5b)

The 4pentynoic acid succinimidyl ester starting material was prepared following a previously
reported procedur€?! Glycans2.1-2.5 (10 mg) were dissolved in 750 pL saturated sodium
bicarbonate in a 2 mL glass vial. Separately, three mole equivalen{zeotyhoic acid

succinimidyl ester was dissolved in 250 pL acetonitrile and added to the glass vial. The reaction
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was stirred for 12 h and monitored by MALBTORMS until consumption of starting material
was observed. After reaction completion, the products were purified by Sepharose G15 and
finally reversephase preparative HPLC using-a15% acetonitrile (0.1 % TFA) gradient over
thirty minutes. Product purity was evaluated by LC-ESIFMS, pure fractions were combined
and lyophilized together to give the alkyne functionalizedlyttans. Proton chemical shifts

were assigned according to reports by Kajihara, Pancera, and Shihizgban32134
S2G2GIcNAc-AsnrAlkyne (2.1b)

Isolated in 61% yield (6.3 mg) after RRHPLC.H-NMR (400 MHz,O) : G 5. 11 (d,
5.9 Hz, Manr4 H-1), 5.03 (d, 1H, J = 6.4 Hz, GIcNACH-1), 4.92 (d, 1H,J=6.9 Hz, Mah6- H
1),4.604.55 (m, 3H, 2, GIcNAG and GICNAe5 6 -1)H4.464.43 (m, 2H, Gab and Gal6 6- H

1), 4.24 (s, 1H, Ma3 H-2), 4.18 (s, 1H, Mad H-2), 4.10 (s, 1H, Mad 6 -2)H4.043.47, 2.89

2.81 (m, 2H, AsrCHy), 2.662.63 (m, 2H, NeuA&Z 6 a n d-7 é4e&48),R.d8 (s, 4H, Alkyne

CHy), 2.35 (s, 1H, Alkyne €H), 2.061.98 (m, 18H, NHAc), 1.78.75 (m, 2H, NeuA&Z 6 an d
NeuAc7 ax H3).3C-NMR (125MHz,DO) : 4 174.9, 174.8, 174.7,
172.7,102.9, 101.3, 100.4, 99.6, 99.5, 97.0, 95.5, 88.2, 78.7, 78.5, 78.3, 76.4, 76.2, 75.3,
74.7,74.4,73.5,72.9,72.7,72.5,71.9,71.4,70.9, 70.4, 70.2, 70.2, 69.4, 68.5, 68.4, 68.3, 67.9,
67.3, 66.8, 63.2, 62.8, 61.6, 61.0, 59.9, 54.9, 54.9, 53.8, 52.1, 51.8 36.9, 34.1, 22.3. Analytical
HPLC: &= 13.4 min. HRMS (ESMS): calcd for GsH14gNgOes, [M + 2H] 2* = 1209.9351 Da;

found, m/z 1209.930[M + 2H] %*.
SO0G2GIcNACc-Asn-Alkyne (2.2b)
Isolated in 63% yield (6.6 mg) after RRHPLC.'H-NMR (400 MHz,RO) : U 5. 11 ( s,

Man4 H-1), 5.04 (d, 1H, J =.6 Hz, GIcNAe1 H-1), 4.92 (s, 1H, Ma 6 -1)H4.624.56 (m,
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3H, GIcNAG5 and GICNAE5 6 -1)H4.474.45 (dd, 2H, J = 2.4, 5 Hz, Géland Gab 6 -1)H

4.24 (s, 1H, Mas8 H-2), 4.18 (s, 1H, Mad H-2), 4.10 (s, 1H, Ma# 6 -2)H3.983.46, 2.85

2.83 (M, 2HASN-CHy), 2.49 (s, 4H, AlkyneCH), 2.36 (s, 1H, Alkyne @), 2.071.99 (m, 12H,

NHAc). 3C-NMR (125 MHz,O) : & 174.8, 174.7, 174.6, 174.4
100.4, 99.6, 99.5, 97.0, 83.3, 80.4, 79.5, 78.7, 78.5, 78.2, 76.4, 76.358,24.7, 74.7, 74.4,

73.6,72.9, 72.7, 72.5, 72.0, 71.9, 70.9, 70.2, 69.5, 69.4, 68.5, 67.4, 65.7, 61.6, 61.0, 59.9, 54.9,

54.9, 53.8, 37.0, 34.1, 22.3, 22.2, 22.1, 14.4. Analytical HRLE1L.3 min. HRMS (ESMS):

calcd for GiH114NeOug, [M + 2H] 2" = 918.3382 Da; found, m/z 918.33@8 + 2H] 2",
SOGOGIcNACc-Asn-Alkyne (2.3b)

Isolated in 58% vyield (5 mg) after RRHPLC.'H-NMR (400 MHz,DO) : U 5. 1& (s, 1
H-1), 5.03 (d, 1H, J = 6.4 Hz, GIcNACH-1), 4.90 (s, 1H, Mad 6 -1)H4.71 (t, 1H, J 3.8 Hz,

Man-3 H-1), 4.60 (d, 1H, J = 5.3 Hz, GIcNAZ H-1), 4.54 (d, 2H, J = 5.6 Hz, GIlcNAzand

GIcNAC-5 6 -1)H4.24 (s, 1H, MaB H-2), 4.17 (s, 1H, Mad H-2), 4.09 (s, 1H, Mad 6 -2)H

3.96:3.39 ppm, 2.83 (m, 2H, As@H.), 2.48 (s, 4H, AlkyneCHy), 2.35 (s, 1H, Alkyne €H),

2.061.99 (m, 12H, NHAC)13C-NMR (125 MHz, RO) : U 174.8, 174.8, 174
172.8, 101.3, 100.4, 99.6, 97.0, 83.3, 80.5, 79.5, 78.6, 78.2, 76.4, 76.3, 76.2, 75.8, 74.4, 74.3,
73.6,73.4,73.3,72.9,72.7,71.9, 70.32769.9, 69.5, 69.4, 67.3, 67.3, 67.1, 65.9, 65.7, 63.2,

61.7, 61.6, 60.6, 59.9, 59.9, 55.3, 54.9, 53.8, 49.3, 37.1, 34.1, 22.3, 22.2, 22.1. Analytical HPLC:

tr = 10.6 min. HRMS (ESMS): calcd for GoHoaNeOsg, [M + 2H] 2* = 756.2851 Da; found, m/z

756.2839M + 2H] 2.

Man9-GIcNAcz-AsntAlkyne (2.4b)

45



Isolated in 72% vyield (7.5 mg) after RRHPLC.*H-NMR (400 MHz,O) : G 5. 30 ( s,
ManA H-1), 5.23 (s, 1H, Man4 H), 5.21 (s, 1H, ManC H), 5.04 (s, 1H, ManB H), 4.96

4.9 (m, 3H, ManD1, ManD2, ManD3# ) , 4. 76 ( <),4.50 d,1H NMa®2Hz, H
GIcNAC2 H1), 4.134.12 (m, 1H,Man3 k2 ) , 4. 05 ( <), 4.0k3#48, 2.k0A.T24n6, H
2H, AsnCHy), 2.40 (m, 4H, Alkyne Cb), 2.26 (s, 1H, Alkyne CH), 1.96 (s, 3NHAc), 1.90

(s, 3H, NHAC).1*C-NMR (125 MHz, DO): 174.7, 174.5, 174.4, 174.4, 172.8, 102.2, 101.3,

100.8, 100.6, 100.2, 99.6, 98.0, 83.3, 81.1, 78.9, 78.6, 78.5, 78.2, 74.6, 74.2, 73.4, /3.3, 73.2,
73.2,72.7,71.9,71.2,70.3, 70.2, 70.1, 69.9, 69.0, 66.9, 66.8, 66.8, 65.6, 65.4, 64.9, 61.0,

60.0, 59.9, 55.0, 53.8, 37.1, 34.1, 22.2, 22.0, 14.4. Analytical HRE=CO 4 min. HRMS (ESI

MS): calcd for GaH12eN4Ose, [M + 2H] 2* = 1039.3642 Da; found, m/z 1039.36A8+ 2H] ?*.
Man5GIcNAc-Asn-Alkyne (2.5b)

Isolated in 67% vyield (7.1 mg) after RRHPLC.H-NMR (400 MHz, BO) :  ©4.98(m,9 9

2H, ManE and ManF H), 4.94 (d, 1H, J = 6.4 Hz, ManG 1, 4.80 (s, 1H, ManD H), 4.76

(s, 1H, ManC H1), 4.504.49 (d, 1H, J =5.2 Hz, GIcNAB H-1), 4.15 (m, 1H, ManC k2),

4.044.03 (m, 1H, ManD k), 3.973.95 (m, 2H, ManE and ManF-B), 3.893.44, 2.792.71

(m, 2H, AsnCHy), 2.39 (s, 4H, Alkyne C}}, 2.26 (s, 1H, Alkyne CH), 1.95 (s, 3H, NHAc),

1.90 (s, 3H, NHAC)'®C-NMR (125 MHz, DO) : U 174.3,474.%,174.3,172.7, 102.5,

102.3, 101.4, 100.4, 99.9, 99.3, 83.2, 80.6, 79.5, 78.6, 74.5, 74.4, 73.3, 72.7, 71.9, 70.8, 70.6,
70.3,70.2, 70.1, 69.9, 69.9, 69.4, 66.9, 66.7, 66.7, 65.9, 65.6, 65.5, 65.2, 61.0, 60.9, 59.9, 54.9,
53.8, 36.9, 34.1,22, 22.0, 14.3. Analytical HPLCz £ 10.7 min. HRMS (ESMS): calcd for

CssHgsN4Osg, [M + H] * = 1429.5099 Da; found, m/z 1429.51R5+ H] *.

Synthesis of Chitobioseazide
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HO HO

/ﬁoLoﬁcl/N3
H%O HO NHAc

NHAc

Chitobiose azide was prepared from 50 mg chitobiose following the meth@hakTet al3®
the final product was purified by preparative HPLC using@%(dsocratic gradient of water
containing 0.1 % formic acid. The final product (27 mg) was obtained as a fluffly white solid in

51 % yield.C16H27NsO10, [M + H] * = 450.2 Da; found, m/z 450[®1 + H] *.

Synthesis of FmoeAsn (Chitobiose)OtBu

HO HO
0] o]
HO NHAc HO NHAc

¢

To a solution othitobioseNsz (13.5 mg, 30 pmol) in 2 mL DMF was added 10% w/v Pd/C
(palladium on carbon) and this mixture was stirred vigorously unbdgdr@gen balloon for two
hours. After reaction completion as judged by TLC,dhiéobioseNH2 aminoglycoside was
filtered through Celite and used directly in the next reaction step without further purification.
FmocAsn (Chitobiose)OtBu was prepared acabng to method by Mallesharat al with the
exception that HBTU was replaced with HATU as coupling realjéittie final compound,
FmocAsn (Chitobiose)OtBu, was purified by revergghase preparative HPLGSIing a 2670 %
gradient of acetonitrile (0.1% formic acid) over 30 minutes and obtained in 35% vyield.

C3gH52N4015, [M + H] ¥ = 817.3 Da; found, m/z 817[® + H] *.

Synthesis of ChitobioseAsn
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ChitobioseAsn was prepared by strandard Fndeprotection using 20% piperidine in DMSO,

the compound was lyophilized and tHeutyl protecting group was then removed by stirring in
50% DCM/ TFA solution for 6 hours as described by Mallestetrall®® The target compouh

was purified by reversphase preparative HPLC using a 100% isocratic gradient of water (0.1%
formic acid) over 30 minutes and obtained in 95% yitH#dNMR (400 MHz, RO) : U 5. 04
1H, J = 9.6 Hz), 4.56 (d, 1H, J s0Hz), 4.16 (t, 1H, J = 5.2 Hz), 3.8%4 (m, 14H), 3.12 (t, 1H,
J=5.6 Hz), 2.95 (d, 2H, J = 5.6 Hz), 2.03 (s, 3H), 1.97 (s,86ONMR (125 MHz, DO) :
174.8,174.6,171.8,171.7,101.3, 78.7, 78.1, 76.2, 75.9, 73.4, 72.7, 69.6, 60.5, 59.8, 55.5, 53.6
49.8, 44.5, 38.7, 34.5, 22.2, 22.0, 21.9, 2EBFMS: calcd for GoH34N4O13, [M + H] * = 539.2

Da; found, m/z 539.fV + H] *.

General method for the synthesis of methoxgquaric acid functionalized Nglycans @.1¢

2.5c) and Chitobiose.

Glycans2.1-2.5 or chitobiosg4 mg)were weighed out as lyophilized solids in separate 0.2 mL
tubes and 150 puL 100 mighosphatduffer pH 7.4 was then added. In a separate 0.2 mL tube,
2.6 mg3,4-dimethoxy-3-cyclobutenel,2-dione (20 mol equiv.) was weighed and disedhin 50
pL 100 mMphosphatéuffer pH 7.4 followed by 10 uL DMSO to completely dissolve the solid.
The solutions were mixed and incubated at@G,7reaction progress was monitored by MALDI
TORMS. After 1 h, the mixture was purified by Sepharose G15 and lyophilized to obtain the

methoxysquarate functionalized-flycans in high yield.

S2G2GIcNAcz2-Asn squaric acid monoamide 2.1c).
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3.4 mg (81% yild). HRMS (ESHMS): calcd for GgH146NgOe7, [M + 2H] 2+ = 1224.9221 Da;

found,m/z1224.917qM + 2H] %*.
S0G2GIcNAcz2-Asn squaric acid monoamide 2.2c).

3.2 mg (76% yield)HRMS (ESHMS): calcd for GiH112NeOs1, [M + 2H] 2* = 933.3250 Da;

found,m/z933.3237M + 2H] .
SOGOGIcNAc2-Asn squaric acid monoamide 2.3c).

3.6 mg (84% yield)HRMS (ESHMS): calcd for GoHgoNeOa1, [M + 2H] 2" = 771.2722 Da;

found,m/z771.2729M + 2H] %*.
Man9-GIcNAc2-Asn squaric acidmonoamide @ .4c).

2.8 mg (66% yield)HRMS (ESHMS): calcd for GoHi2éN4Os1, [M + 2H] 2* = 1054.3513 Da;

found,m/z1054.3530M + 2H] %*.
Man5-GIcNAc2-Asn squaric acid monoamide Z.5¢).

3.6 mg (84% yield)HRMS (ESHMS): calcd for GsHgeN4Oa1, [M + H] * = 1459.4841 Da;

found,m/z1459.488(M + H] *.

Synthesis of mehoxysquaric acid functionalized Asparagine 2.13)

Squaric acid (16.1 mg, 0.1 mmol) was dissolved in 100 uL DMSO and pH was neutralized by
addition of 56 pL 2 M NaOH. Asparagine (5 mg, 0.04 mmol) was dissolved in 100 pL, mixed

with the squaric acid solution, and incubated at@for one hour. The targebmpound was
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lyophilized and purified by revergghase HPLC using a 100 % isocratic gradient of water (0.1%
formic acid) over 15 min. Methoxgquaric acid Asparagine monoamide was isolated in 63.1 %

yield. ESFMS: calcd for GH10N20s, [M + H] ¥ = 243.1 Dafound, m/z 243.IM + H] *.

Chitobiose-Asn squaric acid monoamide 2.14).

HO HO HO

0} (o) H 0}
Ho o N
H
NHAc HO NHAc o NH

4.7 mg (98% yieldgafter size exclusion on a P2 colunitSFMS: calcd forCosHzeN4O1e, [M +

H]* = 649.2 Da; foundn/z649.1[M + H] *.

Synthesis of Nglycan-BSA (2.7¢-2.11c) andtriazole-BSA (2.21) coating antigens for ELISA

A) R?‘M“ﬁ/%:o Hzcnj\;ﬁocn, JL/& % ‘r j\;/( m%’

O™ NacH Phosphate Buffer pH 7.4, 37°C, 1 hr Carbonate Buffer pH 9.5, 37°C, 24 hr

R = 82G2-GlecNAc (7¢), S0G2-GleNAc, (8¢), SOG0-GleNAc¢; (9¢), Man9-GleNAc, (10c), or Man5-GleNAc, (11¢)

0
0
N, Lo N.
B) g‘/& fﬁo’)z\/ : )?K,O CuS0y, 7, Ascorbate, Amminoguanidine, 8 )?\,0 N
H2 _— N {/\oj\/N; - N {/\oj\/ NN
Phosphate Buffer pH 7.4, 2 hr 2 PBpH 7.2,37°C, 3 hr 2 PL\
35 33 Vo33

13

SchemeSl. A) Synthesis of Nylycan squaric acid monoamides andgjfcanBSA conjugates
2.7¢-2.11c B) Synthesis of triazoMBSA coating antige2.21.

Commercial grade bovine serum albumin wesghed (1 mg, 15 pumol) and dissolved in 150 pL
200 mM carbonate buffer pH 9.5 in a 0.2 mL tube. Each methqugrate functionilzed glycan
was weighed (0.9 mmol, 60 equiv.) as a lyophlized powder and dissolved in 50 puL 200 mM
carbonate buffer. The two smions were mixed and incubated at°8for approximately 18
hours The reaction was monitored by MALIJIOFMS relative to the free BSA negative

control (MW: 66,341 Da) to determine the number of glycans appended using the formula
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below. The reaction waomplete after 148 h, with 810 glycans appended on each glycan

BSA conjugateZ.7¢-2.110). Interestingly, an intermediate number of glycan§)4ould be

appended by incubating for 6 h at®7. It should also be noted that the squaric aeldr is not

stable at high pH, and extended incubation periods beyond 36 h are not recommended.-The BSA
Triazole conjugate21) was prepared by reacting 1 mg native BSA with 60 equivalents of the
azido(PEG)Y NHS ester in 100 mM PB pH 7.4 for two hoatsroom temperature. The

intermediate was purified by ultracentrifugation over a 10K MWCO spin filter, and then reacted
with 50 equivalents-$entynl-o | using the same condirigzdleon out | |
control immunogen. The final BS@onjugaes were purified by dialysis against water and then
lyophlized. The fluffy solids were then redissolved in 1 mL M®liH.O and diluted to a 5

ug/mL working concentration in PBS before used for coating thediplates. Product yield

was O 90 %njiigate. each ¢

n=

Synthesis of BSA conjugates for epitope mapping studies

Dimethoxysquaric acid, Astsquaric acid monoamide, or Chitobie&sn squaric acid

monoamide (0.44 mmol, 30 equiv.) were dissolved in 200 mM carbonate pH 9.5 buffer with
DMSO as cosolvent and reacted with BSA (1 dfgumo) as described for the-hlycanBSA
conjugates above. In each case, the reaction was complete after approximately six h8@s at 37
as judged by MALDITOF MS. BSA reacted with dimethoxgquaric acid was then capped with

a 2% methylamine solution (w/v) in 200 mM carbonate buffer for X.m&uconjugates were

purified over 10 kDa MWCO spin filter and recovereddin 90 % vyi el d.
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BSA conjugates bearing the reducing GIcNAc (i.e. Glch¥&strsquarateBSA) were
prepared by digestion of 100 pug conjugate M&%A (2.119 with wild-type EndeCC
endbglycosidase at a 1:100 enzyme: substrate ration (w/w) @t.3&fter 48 hours, the reaction
did not proceed even with further addition of enzyme, MAIIMF MS was used to confirm
reaction completion. The final conjugate was used directly for ELISA witluotiner

purification.
Sy nt h e s-adipoybgfycarQdonjugates 2.7a-2.114).

Bacteriophage Qb wW&3E. eokqelis aceosdmglito a previddidly?2 1 (
published procedur€’ The moneNHS activated glycans hydrolyze quickly intenand so

reaction conditions had to be optimized to yield glyéam-adipoytQb conj ugates wi th
moderate to high glycan loadin@lycanAsn-adipoytNHS (2.8 umol, 40 equivalents) &

phosphate bufferl0 pL, 100 mM, pH 7.4) was added to a solutonofW Qb (7 mg/ mL,
7x10-8 mol subunit, 160 uL) and the mixture was incubated at room temperature and reaction
progress was monitored by MALBIIOFRMS. After 2 h, the reactions had achieved suitable

glycan loading and so were quenched by addifgs buffer { M, pH 7.4 to the reaction

mixture. Lastly purification of NglycanQb ¢ o n R.1eg.BHlaveascarried ouby dialysis

against PBS buffer (50 mM, pH 7.4) using a dialysis bag (MWCO 300 KDa, BIOTECH CE

TRIAL®) and final glycan loading was determined by reducing-$B&E. Product yield

ranged from 785% after dialysis.
Sy nt he s-(PEG)sriazol®@lycan corjugates @.7b-2.11b), and triazole control 2.12).
Azidomodi fi ed Qb particles were preparedf by acyl

NHS-(PEG}-N3 in a phosphate buffedQ0 mM pH 7.2 supplemented with 10% DMSO to
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provide Qb particles fun®Th o«FREBENZeeGugar2st h 270

was then purified by dialysis against water.

To performthe glyca® b ¢ | i ¢ k2.6 (@@ aulc 1.1i mgy/mL. in water, 7xI®mol
subunit, 0.17 pmol azide) was mixed with 1M phosphate buffer (pH 7.2, final 100 mM), 50%
sucrose (final 10%), alkyAgged Nglycans2.1b-25b( 4 equi v. / -Qiked€@w buni t ) ,
THPTA solution (CuS@ 500 mM in water [4 equiv] + THPTA ligand, 1 M water [20
equiv.]), aminoguanidinium chloride (1 M in water, 100 equiv. compar@dbjpand sodium
ascorbate (1 M in water, 100 equiv. compared.@p. After addition of sodium ascorbate, the
reaction tubes were flushed with argon and sealed. Themiwtas shaken at 37 for one
overnight (~24 h), and the reaction monitored by MALIDDOF MS. The Qb neogl yc
had not reached a desirable loading and so were further elaborated by adding fresh click reagents
as outlined aboveénly 2-3 additional equivalents of glyoaAsn-alkyne were needed to push the
reaction to a desirable glycan loading. The reaction was continued for another 16 hots at 37
before the remaining unreacted azido groups o
reaction with a large excess (BQuiv. compared t8.6) of 4-pentynl-ol over 2 hours.
Purification of NglycanQb conj ugates was doneghMtanQibli al ysi s
conjugate.7b-2.11h. F o r -Triaoke co@ifol immunogerz,.6 was reacted with-pentyn
l-ol (50 equiv.comar ed to Qb subunit) in the presence
above. The final conjugat@..2) was purified by dialysis in the same way as thgly¢anQ b
conjugates. The final glycan loading was evaluated by denaturing SDS PAGE. Prelduictry

each conjugate ranged from-80% after dialysis.

Mouse Immunization.
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Pathogerfree C57BL/6 femalemice age5-6 weekswerereceivedandmonitoredfor a 72 hour
guarantingoeriodbeforestudyinitiation at WashingtorBiotechnologync in Baltimorg MD.
All animalcareproceduresndexperimentaprotocolshavebeenapprovedy the Institutional
Animal CareandUse Committeeof University of Maryland.Groupsof six C57BL/6 micewere
injectedsubcutaneouslynderthe scruff on day0 with variousQ bconjugatesasemulsionsn
completeF r e u adhv@rg(0.1 mL, Fisher) final concentrationsf eachconjugatevere
adjustedsothat4 pg glycanantigenwasdeliveredwith everyinjection.Boosterswveregivenin
incompleteF r e u adhv@argsubcutaneouslynderthe scruffon days14 and28 with the
conjugatesasemulsionsn incompleteF r e u adjgiv@rg(0.1 mL) adjuvant.Blood (206500
pL) wascollectedfrom all groupsof miceondaysO, 7, and35. Serafrom eachgroupof mice

wereisolatedandkeptfrozenat-80 °C until furtheranalysis.

ELISA Evaluation of Antibody Titer.

N-glycanBSA conjugate®.7c-2.11cor triazoleBSA conjugate?.13 were diluted to a final
concentration of 5 pg/mL in 1X PBS pH 7.4 and 100 pL of this stock solution was added in
duplicate to a higiinding polystyrene 98vell plate (Sant&ruz Biotechnology Inc.).

Microplates were incubated af@ overnight and washetree times with 200 uL PBST (PBS

pH 7.4 with 0.05% Tweef0), also referred to as washing buffer. This washing step was
repeated after every incubation step unless otherwise noted. Microplates were then blocked with
300 pL of a 2% w/v BSA solution in 1RBS and incubated at 8 for one hour. After

washing, aliquots of pooled mouse sera from each group were diluted 1: 50 to a final volume of
400 pL in 1X PBS and 100 pL of this solution was added in duplicate to the plate. The

remaining volume was dilutetd2 by adding 200 pL PBS, and after mixing, 100 uL of the

diluted antisera was added in duplicate to thev@d plate. This was repeated for 12 serial
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dilutions. The plate was incubated for 1 h at room temperature and then washed four times with
washingbuffer. Then a 1: 20,000 dilution of goat amtouse IgGHRP secondary antibody
(Invitrogen) was prepared in 1X PBS, and 100 pL of this solution was added to each well. After
washing five times with washing buffer, a 1:1 v/v mix of KPL Peroxidase subatrdt&PL

solution B (Seracare) was prepared, and 100 pL of this mixture was added to each well. After a
30 minute incubation in the dark, 100 pL of 1 MR, stop solution was added to each well and
the absorbance read at 450 nm with background correait®®0 nm in a Spectramax M5e
microplate reader (Molecular Deviceg)M antibody titers were measured as outlined above but
using a goat antinouse IgM secondary antibody with HRP label (Novus) at 1: 25,000 dilution in

PBS.
Glycan Microarray

Glycanmicroarray slides were printed in house as previously described on Nexterion Slide E
Epoxysilane coated slides (Nexterion #1066643)*° Briefly, theinitial batcharray was

printed with 816 components in duplicate per array block and § llweks were printed on

each microarray slide. Treecondarraybatchwas printed with 36 components in duplicate per
array blockand 16 array blocks were printed on each microarray slide. Slides were covered with
aProPlateB- or 16-well chambelGrace Bielabs, Bend, ORand blocked overnight at°€ with

3% w/v BSA in PBST. The next day, the microarray wells were washed quickly twice with

PBST and once with 1% w/v BSA in PBST. Mouse serum samples were diluted 1:100 in 1% w/v
BSA in PBST and 60pvere added to each well, then slides were incubated for 3h at 37°C with
gentle shaking. After incubation, wells were washed quickly three times then soaked for 2
minutes in PBST, followed by another quick wash with 1% w/v BSA in PBST-I&y&ed anti

mouwse IgG (Jackson Immuno #1:165071) and Alexa Fluor 64labeled antimouse IgM
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(Jackson Immuno #11605-075) secondary antibodies were diluted 1:500 in 1% w/v BSA in
PBST, then 60pul were added to each well, and slides were covered for 1h at 37°C weth gent
shaking. After incubation, slides were washed quickly three times, soaked for 2 minutes, then
completely submerged for 5 minutes in PBST. Slides were dried by centrifugation at §000 x
for 4 minutes and were immediately scanned. Microarray slidessearnmed on a an
InnoScanl100 AL fluorescence scanndnijopsys Chicago, IL). Analysis was performed using
GenePix Pro 7 softwai@olecularDevicesCorporation;Sunnyvale CA). Background
fluorescencaevassubtractedrom the medianspotfluorescencandvalueswereaveragedor

eachduplicatecomponentspot.
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2.5 SUPPORTING INFORMATION
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Chapter3: Catanionic Vesicles as a Facile Scaffold to Display Natural
N-Glycan Ligands for Probing Multivalent Carbohydragctin
Interactions

Part of this work was published Bioconjugate Chemistry?°

Donahue, T. C.; Zong, G.; Ou, C.; DeShong, P.; Wang, L. X., Catanionic Vesicles as a Facile
Scaffold to Display Natural MGlycan Ligands for Probing Multivalent Carbohydratectin
InteractionsBioconjug Chem, 2023,34 (2), 392404.

L.X.W. conceivedhe idea and supervised the reseafc,D.and L.X.W.designed
experimentsT.C.D performedthe experimentsG. Z.assisted in experimental design and data
analysis C. O. assisted in data analysis. PpEvided advice and helped design experiments.
T.C.D. andL.X.W. analyzed the data and wrote thanuscriptall co-authors contributed to the
revision of the manuscript.

3.1INTRODUCTION

Glycans are ubiquitous molecules of the cell that play active roles in biological
recognition processemcluding cell signaling, cell adhesion, and host immutfit}y*! The
biological functions of glycans are usually mediated by carbohytratkng proteins (CBP or
lectin) that recognize specific glycan structures attached to glycoproteins, glycolipids, or other
glycoconjugates. While the affinity of éBP for a single monosaccharide is usually weéak %
~10° M), biological systems frequently adopt multivalent display of carbohydrate ligands to
enhance the binding affinity and specificity of CBPs1**Tremendous efforts have been
devoted to the design, synthesis, and evaluation of various multivalent carbohydrate ligands for
studying proteircarbohydrate interactions and for developing efficient inhibitors to block
specific proteircarbohydrate interéions associated with viral and bacterial infections,

inflammation, and cancer progressit3ri Attempts have been made to use variamagfelds
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such as liposomes, dendrimers, cyclodextrin, and metal nanoparticles for the multivalent display
of small glycang? 63 144151 However, multivalent display of the more biologically relevant

natural O and Nlinked glycans remains to be an interesting area deserving further
investigationt>*1%* For example, phospholipidased liposomes have been used to display
modified N-glycan ligands for targeted delivery of an@incer drugs and for

immunomodulatiort®® >*Nevertheless, major drawbauif liposomebased vesiclesicludethe
tedious procedures of formulation, polydispersity, and the inherent instability under biological
conditions. On the other hand, catanionic vesicles, prepared from cationic and anionic surfactants
in wateror buffer, offer an alternative multivalentsfilay scaffold that is easy to use and retains

a unilamellar equilibrium phase for extended periods in béffet°®The advantage of these
catanimic vesicles over conventional liposomes is that they are derived from cheap ionic
surfactants, do not require solubilization by organic solvents or tedious extrusion procedures,
provide vesicles with a narrow size distribution, and exhibit long ternlistgbionths

typically) in aqueous media.

Catanionic vesicles were first employed for the multivalent display of sugars by
Raghavan and eworkers in 2005, where C12 functionalized chitosan was shown to form a gel
in the presence of catanioniesiclest®’ In 2008, the versatility of catanionic vesicles to display
structurally diverse carbohydrates was demonstrated by DeShong and coworkers, where mono
and trisaccharides bearing a CBitl tail were incorporated into the vesicle bilayer and the
resulting sugar coated vesicles were evaluated for lestiated hemagglutinatidr®
Particularly, DeShong and aworkers have demonstrated that the sugar density can be
controlledin the vesicldilayer. Since then, sugaated catanionic vesicles have been

employed in carbohydrate microarrays and in the display of proteins, and bacterial
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lipopolysaccharides for prophyitic vaccines against bactetid: 1°9161 The exceptional stability

of catanionic vesicles and their ability to display a diverse array of biomolecules on their surface
makes them attractive scaffolds to characterize pratibohydrate interactions; however, this
scaffold has not been emphay for the multivalent display of the more biologically relevant

natural G and Nlinked glycans. We report in this paper the synthesis and evaluation of
catanionic vesicle scaffolded naturalglycans as multivalent glycan ligands for lectins. Our
resultsindicatethat catanionic vesicles are a powerful scaffold that allows for thedgghity
multivalent display of highmannose and compldype N-glycans on the vesicle surface, which
significantly enhances the affinity for the respective lectins witaratistering glycoside effect.
These novel glycanoated vesicles offer a new and valuable platform for the investigation of

carbohydrateorotein interactions and potentially for targeted drug delivery.

3.2RESULTS AND DISCUSSION

Synthesis of Nglycan lipids. Previous studies have shown that glycolipids containing
simple sugars and a €812 lipid tail can be efficiently incorporated into the outer leaflet of
catanionic vesicles®® *°Thus, we sought to preparediycanbased glycolipids and evaluate
their efficiency of insertion into the catanionic vesicle bilayer. For this purpose, we chose to use
the asparagineontaining natural Mylycans as the starting materials and take adgaraathe
free amino group in the asparagine residue to introduce a lipid chain. We selected four typical N
glycans as model sugars, including the sialylateahibennary complex type glycan (S2&82n),
the asialylated bantennary Asfglycan (S0G2), andhe two highmannose type Nlycans

(Man9-Asn and ManBAsn), which we have previously prepared by digestion of the chicken egg
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yolk sialoglycopeptide (SGP) and soybean agglutinin with pronase, respectively, followed by
sizeexclusion chromatographic puriéiion®¢ 12° Glycolipids bearing lipids with different

lengths were synthesized to investigate if a longer lipid chain is required to incorporate the large
natural Nglycans in the vesicles. Thus, reaction of the asialoplex type Nglycan @.1) with

the NHS activated ester of dodecanoic acid gave the corresponelhgcdlipid (3.5) containing

a C12 lipid chain in excellent yield. Treatmen@dE with the Nhydroxysuccinimide ester of
palmitic acid gave the Nlycolipid (3.6) containing a C16 lipid chaigimilarly, reaction of the
sialylated Nglycan (S2G2GIcNAcz-Asn, 3.2), high-mannose type Nlycan (Man9GIcNAC,-

Asn, 3.3) and the smaller higlmannose glycan (Man5GIcNAe®sn, 3.4) with the N
hydroxysuccinimide ester of palmitic acid afforded ¢theresponding glycolipids3(7-3.9)

carrying a C16 lipid chain, respectively (SchedrB. The glycolipids were purified by reverse

phase HPLC, and their identity was confirmed by MS and NMR analysis.

J 0
0 N—O R H
H N
N [e] Glycan OH
Glycan/ OH O HN
R
O NH, T
90% aq. DMF, 1% v/v TEA o
3.1-3.4 3.5-3.9
34, Glycan= O R oemm (S0G2) 35.Glyean= L Comm A R _ 5W (C12)  67% yield
o] o]
3.2, Glycan = m" (S2G2) 3.6, Glycan = g:)“ $_R _ 5W (C16)  71% yield
o] o]
3.3, Glycan = :&'“ (Man9) 37,Giycan = o moomm SR és7(\/\/\/\/\/\/\/(016) 92% yield
o] o]
3.4, Glycan = ;‘\./tll (Man5) 3.8, Glycan = :.E\/‘\'/rll éSWR _ 5W (C18)  47% yield
o} o}
3.9, Glycan = ;:\/," 3TR - 3W(C16) 46% yield
B-ccNnac @ =Man (O =Gal @ =Sia 0 0

Scheme3.1. Synthesis of Nglycan lipids using free asparagilieked N-glycans as the starting
materials.
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Preparation and characterization of N-glycan-coated vesiclesWith the synthetic
glycolipids 3.5-3.9) in hand, glycarcoated vesicles were prepared by mixitaganionic vesicles
with varying concentrations of-iylycolipids in water (Schen&2). Three different
concentrations were used for each of the glycolifpgsepare vesicles with low (L), medium
(M), and high (H) glycolipid incorporation. Importantlysgformed vesicles were utilized to

restrict Nglycan presentation to the outer membrane leaflet (ScBethe

%o

%70 Na

o 1% wiv, RT, 24 h
® -
NH;

o o° Equilibrate 48 h

NH o

HONﬁ—Gchan
)

Scheme3.2. Assembly of Nglycan coated catanionic vesicl€@atanionic vesicles were
formulated from SDBS and CTAT detergents in water and allowed to equilibrate. Preformed
vesicles were mixed with iglycolipids 3.5-3.9 at room temperature for 16 h to obtairglycan
coated vesicles.

N-Glycancoated vesicles ({g§CVs) were then purified by sizexclusion
chromatography (SEC) using a Sepharose G50 column, with characteristic vesicle elution
between 1319 mL as determined by Dynamic Light Scattering (DLS) intensity of the SEC

fractions (Figure3.1A). VesicleN-glycolipid incorporation was determined for pure vesicle
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containing SEC fractions by the optimized pheswlfuric acid assay reported by Lee and
coworkerst®? This assay is robust and requires minimal wapk Incorporation values were
calculated relative to the recorded weight of dried vesicle and reported in mol/w %. In initial
experiments, the uncharged SOGEENACc:-Asn N-glycan was used as a model, functionalized
with C12 @.5) and C16 8.6) lipid tails, and tested for incorporation into the vesicle bilayer.
Figure3.1B showed the glycolipid incorporation values for the C12 and C16 functionalized N
glycans as a functiorf d-glycolipid concentration. It was found that the C16 functionalized N
glycan achieved up to 3f@ld higher incorporation than the shorter C12 glycolipid at the same
glycolipid concentration. This result suggests that for large glycans, a relativelyplidnghain

is essential to have an efficient coating of the preformed catanionic vesicles.

Having demonstrated that the C16 functionalized SG&RAAcC,-Asn has superior
glycolipid incorporation, presumably due to stronger interactions with lipids ekiele bilayer
than the C12 glycolipid, C16 functionalizeddgW/cans were used in all subsequent experiments.
N-Glycolipids containing S2G2, Man9, and Man5 headgroups were synthesized and tested for
glycolipid incorporation at different concentrations l{€me3.2). Glycolipid incorporation was
found to have a roughly linear relationship with finalgNcolipid concentration for all four
glycolipids, indicating that the amount ofdllycan on the vesicle surface could be predictably
tuned by adjusting the conceattion of Nglycolipid in the vesicle formulation (Fi@.1 B-E). Up
t0 9.9 x 1€, 1 x 10°, 1.7 x 1, and 3.1 x 18 mol/w % of SOG2GIcNAC-Asn-C16, S2G2
GIcNAC-Asn-C16, Man9GIcNAC,-Asn-C16, and MagGIcNAc>-Asn-C16 were incorporated

into catanioniosesicles, respectively.
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Figure 3.1. A) Vesicle elution profile from Sepharose3B column, peak observed between 13
19 mL elution volume by DLS at 633 nmB) Glycolipid incorporation for C12 and C16
functionalized SOGZICcNAC2-Asn at varying concentrations of@lycolipid (0.2, 0.45, and 0.85
mM). C) Glycolipid incorporation of S2G&IcNAc>-Asn-C16 at 0.2, 0.8, and 1.6 mM-N
glycolipid. D) Glycolipid incorporation of MangslcNAc>-Asn-C16 at 0.2, 0.6, and 1.6 mM-N
glycolipid. D) Glycolipid incorporation of Man®slcNAc,-Asn-C16 at 0.2, 0.8, and@d.mM N-
glycolipid. All measurements of glycolipid incorporation were done in triplicate.
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Table 3.1. Hydrodynamic diameter and Polydispersity Index eflijcancoated and bare
vesicles.

Vesicle sample  Hydrodynamic PDI” Glycan type Number of Glycans/ nn?

diameter (nm) glycans per
particle
Bare vesicle 228 0.05 - - -

S2G2-AsnC16gCV (L) 144 0.1 S2G2 906 0.007
S2G2-Asn-C16gCV (M) 168 0.03 S2G2 4,460 0.03
S2G2AsnC16gCV (H) 193 0.03 S2G2 11,725 0.05
S0G2AsnC16gCV (L) 107 0.03 S0G2 1,082 0.02
S0G2Asn-C16gCV (M) 195 0.07 S0G2 7,492 0.03
S0G2Asn-C16gCV (H) 177 0.01 S0G2 10,098 0.05
Man9-AsnC16gCV (L) 144 0.05 Man9 3,715 0.03
Man9-AsnC16gCV (M) 227 0.08 Man9 14,907 0.05

Man9-AsnC16gCV (H) 124 0.07 Man9 9,706 0.1
S0G2AsnC12gCV (L) 227 0.08 S0G2 313 0.001
S0G2AsnC12gCV (M) 195 0.17 S0G2 869 0.004
S0G2AsnC12gCV (H) 144 0.05 S0G2 912 0.007
Man5Asn-C16 gCV (L) 190 0.08 Man5 4,316 0.02
Man5AsnC16 gCV (M) 257 0.07 Man5 34,123 0.08

Man5AsnC16 gCV (H) 299 0.12 Man5 108,511 0.2
S2G2/ ManBAsnC16 163 0.18 S2G2 509 0.003
gCV (LL) Man5 503 0.003
S2G2/Man5AsnC16 117 0.01 S2G2 988 0.01
gCV (MM) Man5 1,045 0.01
S2G2/ ManBAsn-C16 184 0.05 S2G2 4,401 0.02
gCV (HH) Man5 7,785 0.04
S2G2/ ManBAsn-C16 139 0.37 S2G2 1,904 0.02
gCV (ML) Man5 389 0.003
S2G2/ ManBAsn-C16 163 0.08 S2G2 3,347 0.02
gCV (HL) Man5 336 0.002

*Polydispersity Index

N-Glycancoated vesicles and bare vesicles (containing no sugar) were characterized for
hydrodynamic size by dynamic light scattering (DLS). Bare vesicles were found to have a
hydrodynamic diameter of 228 + Sinpwhich matched well with the previously reported
values!®® 1*N-Glycancoated vesicles were found to be 2288 nm in diameter, with vesicles
containing higher Nylycolipid concentrations typically being largdraple 31). Nevertheless,

there was no clear correlation between vesicle size and the types of rated@églycans. All
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vesicles were fairly monodisperse with most vesicle samples having polydispersity indices below
0.1, suggesting homogeneity in the vesicle size distribuliahlé 31). Glycancoated vesicles
were also found to be extraordinarily deggbretaining their particle size for up to 6 months as
judged by DLSTo confirm that the Nylycolipids had been specifically incorporated into the
catanionic vesicles, SEQurified N-gCVs were treated with endoglycosid&3€ (EndeCC)
from Coprinopsis anereg an endoglycosidase enzyme that cleaves between the-two N
acetylglucosamines (GIcNAc) of the chitobiose core and with activity towards cotypkexand
high-mannose Nylycans!®3 After EndeCC digestion of each sample for 36 h afG7the
reaction mixture was analyzed by MALDIOF MS and the observed/zvalues were found to
match the expected mass values of the fregylans cleaved from theesicle surface (Figure
3.2A-D), confirming that each of the synthesizedjMcolipids were incorporated into a

catanionic vesicle, respectively.
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Figure 3.2. EndoCC glycan release experiments ofgjicancoated vesicled) MALDI -TOF
MS spectra for SOG&IcNAcy, caculatedM = 1437.5 Da; foundn/z1460.7 [M + NaJ, B)
S2G2GIcNAc;, caculatedM = 2019.7 Da; foundn/z2040.8 [M + Na 2H], C) Man%
GIcNAci, caculatedM = 1679.6 Da; foundn/z1702.6 [M + Na]. D) Mans-GIcNAc;,
calculatedM = 1031.3 Da; foundn/z1054.9 [M + Na].
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Binding affinity of the glycan-coated vesicles for respective lectinghe binding
affinity of the N-glycancoated vesicles for several lectins was measured by a competitive
inhibition assay. Specifically, iglycancoated vesicles were tested for theidigbto inhibit
binding of Concavalin A (ConAambucus Nigréectin (SNA), and human Galectih(Gat3)
to synthetic NglycanBSA conjugates in a modified Enzyrhénked Lectin Assay (ELLA;
Figure3.3A). Lectins ConA, SNA, and G& havespecificity for terminal mannose, sialic acid,
and galactose residues, respectivehGMcancoated vesicles of varying-blycan densities

were used as inhibitors to reveal the influence -gfly¢an presentation on lectin recognition.

The competitive inivition curves (Figurd.3B-E) demonstrate that ConA, SNA, and
Gal3 bind strongly to the clustereddlycans on the vesicle surface. Fig@réB depicts the
inhibition curve for ConA, where the monovalent Mak$n is the weakest inhibitor (IC50 of
1.06 uM) and a clear enhancement in lectin inhibition is observed for the Man9 glgated
vesicles(Manggy CVs). The multivalent enhancement, or
coworkers:°was calculated by comparing thes¢©f each glycascoated vesicle to its
corresponding monovalent§dl ycan | i gand. I n the case of Con
observed for tt Man9gCV (M) sample with intermediate-§j| ycol i pi d i ncorpor at
ICs0 = 140 nM). Notably, inhibition of ConA binding was less effective with the densely coated
Man9g CV (H) vesicl e, wi tshvalae oft650mnil.IThese datdggest. 6 an d
that ConA prefers multivalent-jlycan presentations of intermediate density and that Righer
density Nglycan presentations sterically occlude lectin binding, possibly by limiting access to

the core trimannoside which comprises the main epitap@doA recognitiort®* Similar
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observations have been reported by Kiessling and coworkensuonosecontaining
glycopolymers as ConA inhibitof8° Importantly, the 1Go found for Man9Asn in this assay
matches the Kpreviously reported for this lectin towards the Man9as@ccharidé®®

suggesting that the gdata obtained by this method are a good approximation of the affinities

of the investigated lectins for their@ycan ligands

Similarly, the sialic aciespecific lectin SNA displayed a weak affinity for the
monovalent S2GAsn N-glycan (IGo = 20 pM), but a significantly enhanced affinity for the
S2G2coated vesicles of i nter mesg=520tnkl fogSRG2c an | oac
gCV (M)]. The multivalent binding enhancement was more pronounced than that observed for
ConA, however, the enhancement was decreased for vesicle samples containing high levels of
the S2G2Asn-C16 glycolipid (i.e. S2GZCV (H)). The results suggest that densegican
clustering may hinder accessibility to important glycan epitopes such as the internal LacNAc

moi et y o fmarndse armriedded¥or SNA bindifg.

Following these results, competitive inhibition experiments were performed with human
galectin3, a lectin overexpressed in several hepgéncreatic, and colorectal cancgrs.
Galectin3 was found to have a weak affinity for the monomeric galactosylataaténnary N
glycan (SOG2Asn, 1Gso = 7.8 uM), consistent with previous reports on this letfivery
modest affinities were observed for SOG#ated vesicles of low and intermediate glycan density
[SOG2gCV (L) and gCV (M); Figure.3]. However, a pronounced enhancement in lectin
binding was observed with the higlensity vesicle, SOGg CV ( H) (b sy=/lOue = 11,
nM; Figure3.3D). Similar 1Go values have been reported for proteins bearing-aifyhity
synthetic ligands for G&3 and for LacdiNAebearing multivalent particles, making SOGRated

vesicles potent multivalent inhibitors of human -@af®1’*In contrastd ConA and SNA, GaB
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prefers highdensity presentations of-flycans bearing the cognate LacNAc ligand. The glycan
density dependence in the multivalent binding with-&atay be explained by the recognition
mode as demonstrated with the crystal strectithuman GaB, where the GaB Carbohydrate
Recognition Domain (CRD) interacts mainly with the terminal galactose residue of the LacNAc
moiety which is more deeply buried in the binding pocket, and only makes contacts with the N
Acetyl and C3 hydroxyl gups of the internal GIcNAc residt&.Therefore, highly clustered

S0G2 Nglycans could still be recognized by &bt the galact@sterminus. Furthermore, Gal

is known to seHoligomerize into pentamers through theéédminal domain, making a lattice of
intermolecular glycathectin networks that would enhance binding affinity to highly clustered

glyconanoparticle’
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Competitive inhibition experiments on ConA with Maoéntaining vesicles revealed a
remarkable enhancement of affinity for the catanionic vesiat®ed Man5 ligands. While the
monovalent Man%Asn glycan had a oderate affinity for ConA in the competitive assaysl€
38.3 uM), the Man&ontaining vesicle with a relatively low ligand loading, MagGV (L),
showed over 208old enhanced affinity for ConA (6= 0. 16 OM, b value = 2:
Interestingly, vesiclesisplaying higher densities of the Man5 glycolipid showed less
enhancement of the affinity for ConA (Figur&B). This result may be explained by the higher
incorporation efficiencies of the Man5 glycolipid as compared to the Man9 glycolipid (Figure
3.1), meaning that the Man5 headgroups are in closer proximity to one another and are not as

accessible to protein recognition.

Synthesis and Characterization of Mixed NGlycan-coated VesiclesGlycancoated
vesicles displaying structurally diverse sugars asrdble as better mimics of heterogenous
mammalian glycosylation of the cell surface. As a proof of concept, we sought to prepare
vesicles displaying different types of sugars such as the S2G2 and MgpéaNs, which also
feature in variable regions he 2 (V1/V2) of the HIV1 gp120 trimet’* To enable
quantification of multiple Nglycans on the vesicle surface, a nesglicolipid incorporation
assay based on endtycosidase catalyzed glycan releasendnobenzoic acid (2AA) labeling,

and HPLCanalysis was developed.

Initial attempts to perform eneglycosidase release directly from intacglycan coated
vesicles were inefficient and required prolonged incubation periods (approximately three days).
Furthermore, vesiclassociated detergentarhpered reaction monitoring by MALEIOF MS.

To maximize Nglycolipid purity and minimize sample loss, a snsale purification method
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was adapted from the biphasic water: phenol/ chloroform extraction protocol commonly used in
DNA/RNA purification. Dueto partial solubility of the Nglycolipids in chloroform, however,
dichloromethane (DCM) was used as the organic solvent for the extraction. Importantly, both
vesicleassociated detergents (CTAT and SDBS) are soluble in dichloromethane. Pooled N
glycancoaed vesicle samples were mixed with an equal volume of DCM and vortexed
vigorously to extract vesiclassociated detergents, the suspension was centrifuged at high speed,
and this process was repeated three times to afford pghgchlipid in the aqueoughase. The
glycolipids were cleaved by wiltype EndeCC, and the enzymatic hydrolysis was monitored by
MALDI -TOF MS analysis. After reaction completion {2@ h at 37C), reductive amination of

the reducing ojosaccharides with-daminobenzoic acid in ghpresence of sodium
cyanoborohydride afforded the 2AlAbeled Nglycans, which could be separated by analytical
reversephase HPLC and quantified relative to standard curves of pure@seted Nglycan

standards by peak integration. The results were sariped in Figure3.4B.

To validate the Nylycolipid incorporation assay, S2&%n-C16 vesicles of different
glycan densities were subjected to the above procedure-gh@dipid incorporation was
compared to values obtained by the pheuifuric acid asay. As seen ifigure 34, no
significant difference in Nylycolipid incorporation was found between the two methods,
indicating that the HPL&®ased assay is a reliable quantitation method giving comparable

incorporation values to the wadktablished phl-sulfuric acid assay.
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Figure 3.4. Vesicle Nglycolipid incorporation as determined by PSA and 2AA labeling assay
for S2G2AsnC16 ( H, M, and L) vesi clMeassramapders. finso
done in duplicate.

Vesicles bearing both Man5 and S2G2)Mcans were initially prepad by mixing bare
vesicles with the respective-§lycolipids at equimolar concentrations of 0.2, 0.8, and 1.6 mM
[S2G2/ Man5gCV (LL), S2G2/ Mang&gCV (MM), and S2G2/ MangCV (HH)]. The glycan
content was then quantified by HPLC as described above. fowad that Man5Asn-C16
incorporation values were very similar for vesicles Ma@/ (M) and S2G2/ MangCV
(MM), with values of 1.5 x 18 mol/w % and 1.4 x 1®mol/w%, respectively. In addition, it was
observed that an equimolar ratio of glycolipid$&S22Asn-C16 and Man5Asn-C16 were
incorporated in samples S2G2/ Mag6GV (LL) and S2G2/ MangCV (MM), which were
prepared by simply adding the two glycolipids at the same final concentration (Bigf8)eln
the case of saturating glycolipid concentrations [i.e. S2G2/ My&\b (HH)], approximately two
times as much ManrBsn-C16 was incorporated relative to S282n-C16 when added at the
same molar concentration, reflecting saturation of the vesiclacguwiith the bulky S2G2

headgroup and a corresponding increase in incorporation of the smaller May&ohpid.
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These results indicate that the smaller Man5 glycolipid incorporates into the vesicle bilayer at the

expense of the bulky S2G2 glycolipid iasicles bearing both glycans.

Heteromultivalent vesicles were also prepared which contain one glycolipid at a fixed
concentration and the other glycolipid at variable concentrations. These samples serve to further
clarify the influence of an unrelated ghn structure on recognition of the cognate glycan ligand.
Thus, the ManS5IcNAc2>-Asn-C16 glycolipid was fixed at 0.2 mM concentration, while the
S2G2GIcNAc2-Asn-C16 concentration ranged from @ mM, to prepare heteromultivalent
vesicles of low Man5rad S2G2 incorporation [i.e. S2G2/ Mag&V (LL)], low Man5 and
medium S2G2 incorporation [i.e. S2G2/ Mag&V (ML)], and low Man5 and high S2G2
incorporation [i.e. S2G2/ Mar§CV (HL)]. Gratifyingly, these heteromultivalent vesicles
contained comparable awnts of the Man5 glycolipid, and with a proportional increase in the
S2G2 glycolipid as its concentration was increased (Figbg). We also measured the sizes of
the nanopatrticles by DLS analysis. It was found that heteromultivalent vesicles beéning bo
S2G2 and Man5 Njlycans were similar in size to the homomultivalent vesicles bearing the

S2G2 or Man5 glycans only (Talel).
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Figure 3.5. A) Scheme for preparation of heteromultivalent vesicles from glycolgitiand
3.9. B) N-glycolipid incorporation of hetermultivalent S2G2/ MangCV vesicles as quantified
by HPLCbased assay.

Lectin Recognition of Mixed GlycanContaining Cationic Vesides.With the hetere
multivalent NgCVs in hand, we examined their interactions with mamspseific lectin ConA

and sialic acid specific lectin SNA. Previous work has demonstrated that an irrelevant glycan
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could affect the affinity and specificity ofgtein-carbohydrate interactions such as the

recognition of some lectins and antibodies for their cognate ligands and carbohydrate epitopes,
which was coined as macromolecular crowding efféct/>'8 Using a competitive binding

assay, we first tested the lectin binding of the heteromultivalent vesiclesntogtequimolar
amounts of S2G2 and Man5 glycans. It was found that at low loading of the Man5 ligand, the
presence of the irrelevant sialylated compleglixcan (S2G2) could significantly enhance the
affinity (11 fold) of the Man5 ligand to lectin ConA comparison witlvesicle samples
containingcomparabldevelsof theMan5 ligandonly (Figure3.6A) [S2G2/ Man5gCV (LL),
IC50=140nM, b = 11]. Nevertheless, it was observe
loading of the Man5 glycolipid ligands [S2GMan5 gCV (ML) and S2G2/ Man5 gCV (HL)],

the presence of the sialylatedg/can did not lead to further enhancement in ConA binding.

The data suggest that the initial enhancement in ConA affinity is not due to specific recognition
of the S2G2 glycan b€onA, but a result ad crowding effect whererecruitment olow-affinity
glycan ligandgpromote entropically favorabknd fason-off binding evensg by carbohydrate

binding proteinspromoting a sliding mechanism by the lectin acrosgiyeosylated surface

andresulting inenhanced binding affinities

We next tested the competitive inhibition of SNA with herand heteromultivalent
vesicles containing similar amounts of the S2GgIy¢olipid, namely, vesicles S2GRCV (L)
and S2G2/ MangCV (LL). Interestingly, the heteromultivalent vesicles were found to have
slightly reduced affinity for the SNA lectin in comparison with the S2G2 glycolipid containing
vesicles with similar ligand loading (FiguBeB). This result suggests that thegence of the
irrelevant Man5 ligand is actually detrimental to the recognition of the S2G2 glycan by SNA,

showinga negative crowding effe®y using synthetic sugdoearing polymers to install a

87



mucintlike shield on red blood cell surface, Godula aodvorkers have shown that glycocalyx
crowding slows the rate of lectin SNA association with the sialylated glycan ligands on cell
surface but enhances the binding complex stability, resulting in an overall enhanced binding of
soluble and virusissociate@NA to the host glycan receptdf. On the other hand, Kikkeri and
coworkers have shown that several carbohyeatding proteins show decreased affinities for
heteroglycoclusters when compared to homoglycoclusters bearing their cognate sugat®igands.
Taken together, these results suggest that molecular crowding can modulate the affinity of
carbohydratéinding proteins to their glycan ligands, and the effects (positive or negative) are
dependent on the nature of the proteins/glycan ligands and treeahtite interactions. The
glycanbearing catanionic vesicles described here provide a facile platform for further

investigating specific lecthglycan interactions.
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Figure 3.6. A) Competitive inhibition of ConA bindingptMan5BSA conjugates by S2G2/
Man5-C16 heteromultivalent dCVs.B) Competitive inhibition of SNA binding to S2G&2SA
conjugates by S2G2/ Mar(G16 heteromultivalent CV and homomultivalent S2G216 N

gCV.

3.3CONCLUSION
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A facile synthesis and characterization of catanionic veb@a$®d multivalent Mjlycan ligands

for lectins are described. TiNeglycancoated vesicles show significantly enhanced affinity for
lectinssambucus nigra agglutiniSNA, concanavalin AConA), andhuman galect#8 over

their specific monovalent{glycan ligandgsialylated, highmannose, and asialylated N

glycans), respectively, demonstrating a clear clustering glycoside effect. In addition, a positive
crowding effect was observed on thieding of ConA to highmannose Nylycan ligands when
catanionic vesicles bearing mixed higtannose and complex typedWcans were used. These
N-glycancoated catanionic vesicles are stable and easy to formulate with variable density of
ligands. The glycandaring nanoparticles should be useful as a vehicle for drug delivery and as

potent inhibitors for intervening specifi@rbohydraterotein interactions in disease processes.

3.4MATERIALS AND METHODS

Materials: Lauric acid was purchased from Alfgesar. Sodium dodecylbenzenesulfonate
(SDBS) and cetyltrimethylammonium tosylate (CTAT) were purchased from TCIl America and
Mer c k, r e s p-dicytlohexychrlyodiimitle, (DOCYcoupling reagent was purchased
from TCI America. High binding polystyrergs-well ELISA plates were purchased from Santa
Cruz Biotechnology, Inc. BiothConA and biotinRSNA were purchased from Vector
Laboratories. Galectis with a Histag at the Nlerminus was purchased from Abcahtl.other

chemicals were purchased from SigAldrich unless sated otherwise and used as received.

Methods: The biantennary compleype containing sialoglycoprotein (SGP) was prepared from
dried hends egg yol k powde¥™elrude soybeap t he r ep
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agluttinin was prepared from soybean flour following a previously reported mé&thod.

Analytical reversephase HPLC was performed on a Waters Alliance® e2695 HPLC system
equipped with a dual absorize 2489 UV/Vis detector. Separations were performed using a C18
column (YMCTriart C18, 4.6 I 250 mm, 5 e&m) at
gradient of 3670% MeCN containing 0.1% TFA (trifluoroacetic acid) over 30 min and at 50 °C.
PreparativeHPLC wasperformedon a Waters 600 HPLC instrument with preparative reverse
phase C18 column (Waters Symmetry 300, 19x300 anmdat a flow rate of 10 mL/min for all
purifications NMR spectraveremeasureavith a Bruker AV Il 600 MHz NMR spectrometer
andthe chemical shifts were assigned in parts per million. MALDF MS analysis was

performed using a Bruker UltrafleXtreme (UTX) mass spectrometer with TOF/TOF detection
and a dihydroxybenzoic acid/ dimethylaniline (DHB/DMA) matrix, samples were analyzed
under reflectron ion mode. LESITOF MS wasperformedusingan X-Bridge Shield RP18 3.5

pum (2.1 x 50 mm) short column coupleda®icromass Z@4000 single quadruple mass

spectrometeHigh-resolutionmasswastakenon an ExactivePlusOrbitrap(ThermoScientific)

with anAgilent PoroshelBOOSBC8 column(5 um, 75x 1 mm).

Synthesis of lauric acid and palmitic acid NHS esters

N-hydroxysuccinimide (NHS) activated lipids NHEL2 and NHSC16 were prepared
usingN , Mli@yclohexylcarbodiimide (DCC) as coupling reagent. Briefly, 1 g of lauric acid
(C12) or palmitic acid (C16) was dissolved in 5 mL of dichloromethane (DCM) and 5 mL of
tetrahydrofuran (THF) in a 50 mL rowfmbttom flask. The solution was then placedn ice
bath, capped with a rubber septum, and degassed under positive Argon pressure using-a Schlenk

line. With Argon still passing through the solution, 1.1 mole equivalents of N
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hydroxysuccinimide (NHS) were added followed by 1.1 mole equivalents 6f Dé&stly, 0.05

mole equivalents of dimethwdminopyridine (DMAP) were added and the solution was stirred

for 2 h when TLC indicated the completion of the reaction. The dicyclohexylurea (DCU)
byproduct was precipitated by adding 5 mL of hexanes and 5 miietbiyl ether, followed by

vacuum filtration through a Celite pad. The filtrate was then concentrated under vacuum, and the
residue was purified by flash chromatography using a Biotage SNAP Ultra 25 g cartridge:

Mobile phase A: hexanes, mobile phase Bykacetate; a80% gradient of ethyl acetate over

25 column volumes. Fractions containing the product were pooled and concentretedoto

obtain the target NH&ctivated lipids.

N-Hydroxysuccinimidyl lauric acid821.29 g NHSC12 (87% yield) as a white solid.
NHS-C12'H-NMR (400 MHz,CDC4) : UG (ppm) 2.84 (s, 4H, CH2 fro
5.0 Hz, carbon C2), 1.74 (p, 2H, J = 5.0 Hz, carbon C3), 1.42 (m, 2H, CH2, carbon C4), 1.28 (m,

14H, CH2, carbons CG&1), 0.89 (t, 3H, J = 4.6 Hz, CH3).

N-Hydroxysuccinimidyl palmitic acid*®?1.31 g NHSC16 (%% yield) as a white solid.
'H-NMR (400 MHz, CDC4) : U ( p pMH, CR2 fidrB NHS), 2.60 (t, 2H, J = 7.5 Hz,
carbon C2), 1.73 (p, 2H, J = 7.5 Hz, carbon C3), 1.41 (m, 2H, carbon C4), 1.26 (m, 22H, CH2

carbons CAL5), 0.89 (t, 3H, J = 7.0 Hz, CH3).

General Method for Synthesis of the NGlycolipids
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Eachglycan-Asn (10 mg) were first dissolved in 200 pL of water, to which 800 puL of N,
N é&imethylformamide (DMF) was added. Separately, 1.1 mole equivalents of the NHS
activated lauric or palmitic acid was dissolved in 1 mL of DMF and the solution was adted to
glycanAsn solution in a 5 mL amber vial. To this reaction mixture was added 20 pL of
triethylamine (TEA). The resultingolutionwas stirred atadomtemperaturdéor 3 h when LG
MS indicated the completion of the reaction. The mixture was dilutednagfueous
acetonitrile and lyophilized. The residue was then redissolved in 2 mL of water and purified by
preparative RFHPLC using a 37r0% MeCN (0.1% TFA) gradient over 30 min (mobile phase
A: H2O containing 0.1% TFA, mobile phase B: acetonitrile coimgi®.1% TFA). The fractions
containing the glycolipid were pooled and lyophilized to obtain the respective glycolipids as a
white solid. Proton chemical shifts for thegWcan portions were assigned according to the

previous NMR assignments of@lycansreported by Kajihara, Pancera, and Shahdad

H ussan’l.34, 183, 184

SO0G2GIcNAG-Asn-C12 B.5): 7.4 mg (67% yield after HPLC purificatiorH-NMR

(400 MHz, DO) : U 5. 1 14H{l)s5.045108 (d, 1M d n 9.2 Hz, GIcNAE H-1), 4.94

4.90 (s, 1H, Mast 6 -1)H4.724.68 (m, 1H, MarB H-1) 4.644.54 (m, 3H, GIcNAe2, GIcNAG

5 and GIcNAE5 6 -1)H4.49 4.43 (m, 2H, Gab and Ga 6 -1)H4.24 (s, 1H, Mai8 H-2), 4.18

(s, 1H, Manr4 H-2), 4.10 (s, 1H, Mad 6 -2)H3.983.47, 2.852.74 (m, 2H, AsfCHy), 2.292.22

(m, 2H, C2 of lipid), 2.07#1.99 (m, 12H, NHACc), 1.6Q.53 (m, 2H, C3 of lipid), 1.31.20 (m,

16H, C4C11 of lipid), 0.84 (t, 3H, J = 3.5 Hz, GHdf lipid). 3C-NMR (125 MHz, DO) : U
175.7,174.2,174.1, 174.0, 173.6, 172.1, 102.5, 100.9, 99.9, 98.9, 96.6, 79.8, 79.1, 78.2, 78.0,

77.8,75.9,75.9,75.7,74.9,74.2,73.9,73.1,72.4,72.2,72.0, 71.6, 71.5, 70.5, 69.7, 68.9, 68.1,
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66.8, 65.2, 61.2, 60.5, 59.5, 54.4, 53.4, 48%2336.6, 35.1, 31.0, 28.7, 28.5, 28.4, 28.3, 28.1,
24.8, 21.9, 21.8, 21.7, 13.2. Analytical HPLE=t10.55 min. HRMS (ESMS): calcd for

CrgH13N6Oug, [M + 2H] #* = 1938.8167 Da; founan/z1938.8169M + 2H] 2",

SO0G2GIcNACc-Asn-C16 (3.6): 8 mg (71% yield after HPLC purification}d-NMR (400
MHz, D:O) : U 5. 1 04 H{l)s5.064198 (m, 1M aQicNA€el H-1), 4.9 (s, 1H, Maa
H-1), 4.58 4.51 (m, 2H, GIcNAE5 and GIcNAe5 6 -1)H4.474.40 (m, 2H, Gab and Galé 6- H
1), 4.21 (s, 1HMan-3 H-2), 4.16 (s, 1H, Mad H-2), 4.08 (s, 1H, Mad 6 -2)H3.953.47, 2.85
2.65 (M, 2H, AsrCHy), 2.252.15 (m, 2H, C2 of lipid), 2.09.95 (m, 12H, NHAc), 1.59.45
(m, 2H, C3 of lipid), 1.271.16 (m, 24H, C4C11 of lipid), 0.840.78 (m, 3H, CHof lipid). *C-
NMR (125 MHz, BO) a 174. 7, 174. 2, 173. 9, 173. 3, 102
78.1,75.9,74.9,74.3,74.0,73.1,72.1, 71.6, 71.5, 70.5, 69.8, 69.0, 68.1, 66.9, 65.3, 61.3, 60.6,
59.6, 54.4, 53.5, 48.5, 38.3, 35.3, 31.4, 2993, 29.2, 28.9, 28.7, 25.0, 22.1, 22.0, 21.8, 13.4.
Analytical HPLC: k = 18.85 min. HRMS (ESMS): calcd for GzH14dNeOag, [M + 2H] 2" =

1994.8793 Da; foundn/z1984.8799M + 2H] %*.

S2G2GIcNACc-Asn-C16 (3.7): 10.1 mg (92% yield after HPL@urification).*H-NMR
(400 MHz,DO) : U 5. 1 64 H{l)s5.095100 (m, 1MaGicNA€L H-1), 4.95 (s, 1H,
Man-4 6 -1)H4.664.56 (m, 3H, 2, GIcNAG and GIcNAe5 6 -1)H4.45 (s, 2H, Gab and Gal
6 6-1)H4.25 (s, 1H, Ma8 H-2), 4.20 (s, 1H, Mad H-2), 4.11 (s, 1H, Mad 0 -2)H4.063.48,
2.87-2.74 (m, 2H, AsrCHy), 2.702.61 (m, 2H, NeuA& and NeuAe7 0 -3ehl, 2.332.19 (m,

2H, C2 of lipid), 2.121.98 (m, 18H, NHAc), 1.88.76 (m, 2H, C3 of lipid), 1.62.51 (m, 2H,
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NeuAc7 and NeuA€7 6 -3ak), 1.32-1.20 (m, 24H, C4C15 of lipid), 0.86 (t, 3H, J = 6.9 Hz,

CHs of lipid). 3C-NMR (125 MHz,O) : & 174. 4, 174.2, 103.1, 10C¢
77.9,75.9,73.9,73.1,72.3,72.0,71.6, 70.7, 70.2, 69.8, 69.7, 68.9, 67.8, 67.2, 66.9, 66.4, 65.5,
62.7,62.4,61.2, 60.6, 59.7, 54.2, 53.5, 51.6, 51.3, 38.8, 38.5, 31.4, 29.2, 28.9, 24.9, 22.1, 22.00,
21.7, 21.6, 13.4. Analytical HPLG: £ 17.82 min. HRMS (ESMS): calcd for GosH174NgOes,

[M + 2H] 2* = 1289.0368 Da; founan/z1289.0327M + 2H] 2.

Man9-GIcNAG-Asn-C16 @.8): 5.3 mg (47% yield after HPLC purificatiorfd-NMR
(400 MHz,O) : 0 5. 39 A)s5:355125i(m, 2M,aviard, MdnC H), 5.12 (s, 1H,
ManB H1), 5.084.99 (m, 3H, ManDD 3 ), 4. 85 (-%),4.20(8 1H, MemB-2)06 H
4.143.50, 2.872.65 (M, 2H, AsFCH;), 2.282.14 (m, 2H, C2 of lipid), 2.05 (s, 3H, NHAc), 1.97
(s, 3H, NHAc), 1.6a1.47 (m, 2H, C3 of lipid), 1.32.16 (m, 24H, C4C15 of lipid), 0.860.79
(m, 3H, CH of lipid). ®°C-NMR (125 MHz, DO) : U 17, #73.3, 101.1, 709.2, 99.0,
97.5,78.2,77.9,72.7,72.3, 70.7, 69.9, 69.5, 69.0, 66.4, 65.2, 60.7, 60.6, 38.3, 36.7, 35.2, 31.4,
29.3, 29.2, 28.9, 28.7, 25.00, 22.1, 21.8, 13.4. Analytical HRLE€18.55 min. HRMS (ESI

MS): calcd for GoH1s4N4Osg, [M + 2H]2* = 2236.9319 Da; foundn/z2236.9349M + 2H] 2*.

Man5-GIcNAG-Asn-C16 @.9): 6.5 mg (46% yield after HPLC purificatiotH-NMR
(400 MHz, BO) : £6.0® (m,@28, ManE, ManF H, and ManG HL), 4.874.81 (m, 2H,
ManD H-1 and ManC HLl), 4.61-4.52 (m, 1H, GIcNA€eB H-1), 4.254.17 (m, 1H, ManC F2),
4.124.07 (m, 1H, ManD k), 4.054.00 (m, 2H, ManE and ManF-B), 3.893.44, 2.832.67

(M, 2H, AsRCH;), 2.262.11 (m, 2H, C2 of lipid), 2.02 (s, 3H, NHAC), 1.94 (s, 3H, NHAC),
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1.57-1.44 (m, 2H C3 of lipid), 1.261.12 (m, 24H, C4C15 of lipid), 0.810.75 (m, 3H, CHof

lipid). °C-NMR (125 MHz,0) : U 174.6, 173.9, 173.4, 172.

101.2, 100.1, 99.3, 98.9, 94.9, 93.3, 89.9, 81.0, 80.4, 79.2, 78.6, 78.1, 75.8, B3.B2. B2 71.6,
70.5,70.2, 70.0, 69.8, 69.6, 69.0, 66.5, 66.4, 65.3, 64.8, 60.7, 60.6, 59.4, 54.6, 53.6, 50.3, 48.7,
46.4, 44.1, 35.3, 31.5, 29.5, 29.3, 29.0, 28.8, 25.1, 22.2, 22.0, 21.9, 13.4. Analytical KIPLC: t
19.92 min. HRMS (ESMS): calcd for GsH114N4O39, [M + H] * = 1587.7133 Da; founah/z
1587.7004M + H] *.

General method for the synthesis of methoxgquaric acid functionalized glycans.

N-glycans S2GZIcNAc-Asn, SOG2GIcNAcz-Asn, Man9GIcNAcz-Asn, and ManS5IcNAC,-
Asnwere functionalized at thasparagine (Asn) Nerminus with3,4-dimethoxy3-cyclobutene
1,2-dione as previouslglescribed to yield the correspondinegglycanAsn-squaric acid

monoamide$®
Formulation of bare and glycancoated vesicles

Catanionic vesicles were prepared according to dqarsly published proceduré® Briefly,

35.3 mg SDBS (0.1 mmol) was dissolved in 5 mL of water and 15.4 mg of CTAT (33 x 10
mmol) was diretty added to achieve a 1% w/v final surfactant concentration. The suspension
was stirred for one hour to ensure complete dissolution and then allowed to equilibrate in the
dark for 48 hours. Vesicles were purified from free detergent by Sephai®3eaidelution was

confirmed by Dynamic Light Scattering (DLS) scattering intensity

Glycancoated vesicles were prepared from 1 mL aliquots of crude vesicle solution taken
prior to purification by Sepharose & (preformed vesicle). Then, varying amounts ohdgc

linked glycolipid were added from a 10 mg/ mL stock solution to reach final concentrations
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ranging from 0.2 mM to 1.6 mM in water. The mixture was then stirred at room temperature for

24 hours and the vesicles purified by Sepharo$® .G

DLS measurements of hydrodynamic size

Intact vesicles were characterized for mean hydrodynamic radius using a Pi@@odpnamic
light scattering instrument. Measurements were done using a 5 mW laser polarized at 633nm and
the scattering angle was ®for all measurements. All measurements were conducted at room

temperature in 1 mL glass vials.

General Method for Endo-CC Catalyzed Glycan Release

Aliquots of each glycacoated vesicle (0.5 mL) were incubated with ethanol at a 20% final
concentration (v/v) for h and then lyophilized. The lyophilized film was dissolved in 1 mL of
water containing 0.1% TFA and loaded onto a preconditioned 100MG Hypersep C18 column
(per manufacturer instructions). The column was then washed with 1 mL of wdtageadient
5%-90%) of aqueous acetonitrile containing 0.1% TFA. The fractions were analyzed by
MALDI -TOF MS with DHB as matrix under reflectrquositive or negative mode. Efficient
separation of the glycolipids from the surfactants was achieved, with the 30 % and 40 %
acebnitrile fractions containing the glycolipids and the 90 % acetonitrile fraction containing the
vesicleassociated detergents. Fractions containing the glycolipid were combined and
lyophilized, and then resuspended in 200 uL of 100 mM PB buffer (pH 7ot)tprhydrolysis

by 1 uL of EndeCC (1 mg/ mL) at 3?C for 36 h.

Endo-CC cleavage of SOG&ICNAC-Asn-C16. MALDI -TORMS of the released
glycan,calcd for SOGZGICNAC: (Cs4H91N3041), M = 1437.5 Da; foundn/z1460.7 [M + Naj
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Endo-CC cleavage 062G2GIcNAG-Asn-C16. MALDI -TORMS of the released
glycan,calcd for S2GA5IcNAC: (CreH128Ns0s7), M = 2019.7 Da; foundn/z2040.8 [M + Nai

2HT

Endo-CC cleavage of Man®GIcNAG-Asn-C16: MALDI -TORMS of the released

glycan,calcd for Man9GIcNACc: (CezH10sNOs1), M = 1679.6 Da; foundn/z1702.6 [M + Na]j

Endo-CC cleavage of Man&sIcNAG-Asn-C16: MALDI -TORMS of the released

glycan,calcd for Man5GIcNAc: (CssHesNOs1), M = 1031.3 Da; foundn/z1054.9 [M + Naj

Quantification of glycan incorporation by PhenotSulfuric acid assay (PSA)

Glycan incorporation was measured using a variation of the peahotic acid assay method
employed by Lee and coworkefé First, stock solutions of the relevant glyeasn (S0G2
GIcNAC2-Asn, Man9GIcNAc-Asn, and S2GZIcNAC-Asn) were prepad at 2 mg/ mL in

water for use as standards. These stock solutions were serially diluted in 1.5 mL microcentrifuge
tubes to obtain 0.8 pg/ uL, 0.6 pg/ pL, 0.4 pg/ pL, 0.2 pg/ uL and 0 pg/ pL final concentrations

in 50 pL volumes. &0 fractions of glycartoated vesicles were combined into a 1 mL aliquot

in a preweighed microcentrifuge tube before being lyophilized. The final weight of the vesicle
was recorded and the solid was resuspended in 250 pL of water. Fifty microliters of each vesicle
solution werdaken for analysis by PSA assay. For samples with high final concentrations of the

glycolipid (O 0.4 mM), the resuspended sol uti
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To each 50 pL of the solution in a microcentrifuge tube,was added 150 pL of
concentrated sulfuriacid quickly followed by 30 pL of 5% aqueous phenol. The mixtures were
vortexed and then incubated in & @heat block for 5 min, followed by a room temperature
water bath for 5 min. When the tubes had reached room temperature, 60 puL of 95% eth@anol wer
added to each tube to a final concentration of 20% v/v. The solution in the microcentrifuge tubes
was then transferred to a-9Il microplate and allowed to incubate for 1 h before reading the
absorbance at 490 nm. A bare vesicle sample was used gat@aeontrol, all samples were
plated in triplicate. Glycan incorporation was quantified using the line of best fit for the plot of
N-glycanAsn concentration vs. absorbance at 490 nm as a standard curve. Incorporation percent
(mol/w %) was then calculedl by dividing the amount of vesiellecorporated glycolipid by the

recorded weight of dry vesicle.
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Synthesis of S2G2AA and Man5-2AA HPLC standards

HO OH COOH HO OH COOH
acin43 1o O o o AcHN-g HO
o
"o 05@/ 1) MM Hm
on O OH OH OH
lo O o0 OH
HQ; Qo OH
o o OH OH 2) NaCNBH; OH i M
0, 0 - (o] /%/
HoS 2 g ot o
A HO HO OH o NHAC

HO OH  coon H&o%% NHAc 70% DMSO, 30% AcOH COOH o
S T—0 o HO /0 o
H:ij\o on oH ‘ aciiAr o on OH
0/%/

OH
O oH OH 2) NaCNBH; %
o 0
HO HO%%B%/OH %h/ %
. o NHAc 70% DMSO, 30% AcOH
) %%
o
OH \O |
OH

OH
OH 5.4 mg (96% yield)

Each Nglycan (~6 mg) waseighed out into separate 2 mL centrifuge tubes and dissolved in
500 pLof PBS (pH 7.4), to which wildype EndeCC enzyme was added to a 1:1,000 enzyme:
substrate ratio (w/w). The tubes were placed in & 3incubator and the reaction was continued
overright. Reaction progress was checked by MAITMF MS and LEMS, both reactions were
complete after 30 h. The cleavedgcans were each purified by Sepharos&dGand

lyophilized. The lyophilized solids were then weighed and reacted with 50 mol efiv.
aminobenzoic acid (2AA) and sodium cyanoborohydride (NaCHB+H500 pLof 70% DMSO/
30%acetic acid (AcOH) at 68C over3 h whenLC-MS indicated the completion of the reaction.
The 2AAlabeled glycans were diluted in 508Gueouscetonitrile (MeCN) and lyophilized.

Theresiduesvere purified by Sepharose I5 to afford the 2AAabeled glycans
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S2G22AA: 4.8 mg (94% vyield) from 5.6 m§2G2GIcNAc>-Asn. ESIMS: calcd for

CssH13NeOss, [M + 2H] 2* = 1071.4Da; found,m/z1071.7[M + 2H] 2*.

Man5-2AA: 5.4 mg (96% yield) from 6.6 miglan5-GIcNAc>-Asn. ESEMS: calcd for

CasH72N2032, [M + H] ¥ = 1153.4Da; found,m/z1153.7[M + H] *.

I.  Method for novel HPLC-based glycolipid incorporation assay

< H
DCM wash % WT Endo-CC 2AA labelin, on
S (e Hfif} — Negyean 28 Dans N-glycan /if{://L = HPLC
o
"

A 0.5-1 mL pooled sample of Sepharosé&@ purified Nglycan coated catanionic
vesicle was lyophilized in a pageighed 2 mL Eppendorf tube. Final weight after lyophilization
was recorded and the sample was resuspenddéiDipl5of waterandthe same volume of
dichloromethan€DCM). Thebiphasic mixture was vortexed at high speed for 1 min to extract
vesicleassociated detergents. The sample was then centrifuged at 14,000 rpm for 5 min or until
clarification of the emulsionTheupperaqueous layer was carefully pipetted into a new 2 mL
Eppendorf tube, making sure to avoid the whitaulsion(detergent) at the wat€&CM
interface. Fresh DCM (0.5 mL) was added, and the process was repgateeach time
pipetting the top ageous layer into a new Eppendorf tube. Each oDiG# layers were then
backextracted with 250 pL aliquot of water, and this volume was combined with the previous
aqueous extract, bringing the final volume to 750 pL. Care was taken to avoid pipetting DCM

into the pooled aqueous layers.
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To the aqueous vesicle extract was added 1 M (pBS.4) to a final concentration of
100 mM, followed by 5 plof WT EndaCC (0.88 mg/ ml) for the hydrolysis of the Nlycans
This mixture was incubated at 3Z for 24 hwhenMALDI -TOF MSindicated the complete
hydrolysis of glycolipids by End€C. Theenzyme was denatured by incubation at®@%or 5
min followed by highspeed centrifugation. The supernatant was transferred to a new tube and

lyophilized.

Following cleavage of the glycolipidshefree N-glycans were tagged with 2
aminobenzoic acid (2AA) by reductive amination at the free reducing end. A stock 2AA labeling
solution was first prepared by dissolving 6.3 oi@AA and 6 mgof sodium cyanoborohydride
(NaCNBHs3) in 100 pL of 70% DMSO/ 30%cetic acid. Next, the lyophilizeglycan wasmixed
with 30 pL of the stock labeling solutiaand the resulting solution wascubated at 68C for 3
h in a heat block. After reaction completion, the sample was brieftyiftgred and then
dissolved in 1 mlof 5% acetonitrile containing 0.1% TFA. To purify the 2AA labeled N
glycans from buffer salts and excess labeling reagent, a 50MG PGC cq(Tiegeo
Scientific) was used. The PGC cartridge was washed and precondlitiopee r t he manuf ac
instructions, the sample in 5% Me@udntaining0.1% TFA was loaded onto the cartridge and
then washed once with 1 ndf 5% MeCN twice with 1 mLof 30% MeCN, and twice with 1
mL of 90% MeCN all containingd.1% TFA.The fraction cataining the 2AAlabeled glycans

as indicated by MALDITOF MS analysis were pooled alyophilized.

Samples were then resuspended in 3@favater ancanalyzed witha Waters Alliance®
2695 HPLC systenSeparations were performed using a C18 column (YNHEZTC18, 4.6 x
250 mm, 5 em) at a flow rat e-19% MeCNoguoitainmg n usi n

0.1% TFA over 30 min and with dual UV detection at 214 nm and 266 nm. All samples were
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injected in duplicate. Relevant peaks were collected andzathlyy MALDFTOFMS to
confirm product elution, LC peaks were integrated u§thgpmeleof™ data processingoftware
at 266 nm wavelength. Glycan incorporation was determined relative to the standard curve of the

corresponding 2AA labeled-blycan and expressed relative to the recorded vesicle weight.

Synthesis of Nglycan-BSA coating antigens for ELLA.

Commera@al grade bovine serum albumin waklowed to reactvith each NglycanAsn-squaric
acid monoamide in 200 mM carbonate buffer pH 9.5 as previously desttibbée BSA

conjugates were purified by dialysis against water and then iljzgth The fluffy solids were
redissolved irwaterand diluted to a 5rg/mL working concentration in PBS befareating the

96-well plates.
Competitive Enzymelinked Lectin Assay (ELLA)

BSA conjugates (100 pL of a 5 pg/mL solution in PBS, pH 7.4) were added to a 96 well plate
(Santa Cruz Biotechnology, Inc. Hiddinding polystyrene) and incubated at@ overnight.
Liguid was removed and the wells were washed three times with 200 pL of PBST (PBS + 0.05%
Tween20). The wells were then blocked with 300 pL of the blocking buffer (3% BSA w/v in
PBS) at 37°C for 1 h. After washing, 100 pL serial dilutions edch lectin [16-10° mg/ mL

lectin, in PBS for biotilSNA and HisGalectin3, in 10 mM HEPES (+ 0.15 M NacCl, 0.01 mM
Mn?* and 0.1 mM C#) for biotin-ConA] were added to the wells and incubated at room
temperature for 1 hour. The wells were washed RBIST four times. For the biotinylated lectins
(i.e. ConA and SNA), 100 L of a 1: 15,000 dilution StreptavidRP (abcam) in PBS were added
and incubated for 1 hour at room temperature. For Gal8ctl®0 pL of a 1: 1,000 dilution of
antirHis tag mouse b (R&D Systems) in PBS were added to each well and incubated for 1 hour

at room temperature. Wells were washed five times with PBST before mixing equal volumes of
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KPL TMB Peroxidase Substrate and KPL TMB Peroxidase Substrate Solution B and adding 100
pL to each well. The plate was incubated for 30 min at room temperature in the dark, and the
reaction was stopped by addition of 100 uL of 1 M phosphoric acid. Absorbance was measured at
450 nm with a Spectramax M5e microplate reader with background corratts&®0 nm. The
optimal concentration of each lectin was taken as that resulting in an absorbance readiing of 0.8
1 AU and were as follows: 5x Pang/ mL biotinConA, 1x 16° mg/ mL biotinSNA, 2x 10° mg/

mL His-Galectin3.

For inhibition experiment-fold serial dilutions of each monovalent glyeasn (1 mM
stock solution) and-fold serial dilutions of each Jglycancoated vesicle were prepared. 100 ml
of each inhibitor solution was premixed with the corresponding biotinylated lectin (at the optimal
concentration noted above) and incubated for 30 min at r.t. in a sepdvateolh 96 well plate.
The lectin/ inhibitor mixture was then added to the blockedyydanBSA coated plate and
incubated for 1 h at r.t. The rest of the procedure was follos/edtined above. Percent inhibition

was determined using the equation below, wher
% Inhibition = (Ano inhibitor)- Awith inhibitor))/ A(no inhibitor)) X 100

Each sample was plated in triplicate for competitive ELLA and iectlipinding assays. ¢

values were determined by nonlinear regression using Graphpad Prism software.
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3.5 SUPPORTING INFORMATION
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Chapterd: Synthetic SiteSpecific AntibodyLigand ConjugatePromote
Degradation of Extracellular Human PCSK9 Mediated by the Liver
Asialoglycoprotein Receptor

This work wagoublished inACS Chemical Biolog}f®
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4.1 INTRODUCTION

Protein degradation is an important mechanism in biological systems to maintain protein
homeostasis and protein quality cont1.28’In eukaryotes, there are several degiiada
compartments including the proteasome, lysosome, and autophag88dtmedegradative
mechanisms of these compartments have lemaged to perform targetgdotein degradation

and deplete pathogenic proteins or other proteins of interest (POIl) with great $tti¢ésar
exampleDeshaiesaind ceworkers haveaported the first proteolysis targeting chimeras
(PROTACS), consisting of a small molecule ligand for an E3 ubiquitin ligase and a ligand
specific for the POI, as bifunctional molecules that can recruit ubiquitin ligase enzymes to target
proteins resultingn their polyubiquitination and proteasomal degradati8ROTACSs were

shown to be effective degraders of intracellular target proteins, which encouraged the

development of several other targef@dtein degradation (TPD) strategies employing similar
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mechanisms of actiosuch aspecific and nofgenetic inhibito of apoptosis protein (I1AP)
dependent protein erase&NIPER$, molecular gluesautophagytargeting chimeras

(AUTACS), and everacteria PROTAC8BacPROTAC}for degradation of bacterial
proteinst®*1% The early development of sweeping antibodies, Abdegs and Seldegs, which make
use of the FcRn receptor for degradation of extracellular proteins by peoigimeered pH
responsive antibodies or famtigen fusions, has spurred the development of other TPD platforms
for the degradation of extracellular proteiti§!%’. For example, Bertozand ceworkers have
developed lysosome targetiagtibodychimeras (LYTACS) as a strategy for targeted

degradation of extracellular protsil®® This strategy has been expanded by other groups using
different antibodies, novel heterobifunctional small molecules, and/or different receptors for

targeted degradation of extracellular as well as memiasseciated proteirt§®: 197199

The LYTAC approach makes use of extracellular lysosome targeting recéfiRs) (
such as the asialoglycoprotein receptor (ASGPR) with specificity for galactose or N
acetylgalactosamine (GalNAcpntaining glycoproteins. Synthetic ligands for the LTRs are
conjugated to monoclonal antibodies specific for the POI. In this way YAAC can bridge
the POI and the LTR to enable endocytosis and delivettyedtOl to the lysosome for
degradation. To date, several LTRs, includingM@PR (Cationlndependent Mannosg
Phosphate Receptor), ASGPR, integrin, and membrane bouigh&3 RNF43 have been
successfully utilized for targeted protein degradatf8rnt®8 20202 Degpite the recent progress in
ASGPRdependent degradation strategies, much remains to be known about the substrate scope
of this receptor and what constitutes an effeagiyean ligand for successful lysosomal delivery
of the protein targetn fact, since the optimization of the higHfinity synthetic triGalNAc

ligand for ASGPR, it has been used almost exclusively for the delivery of therapeutics or probes
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to the livert! Also, in most reports leveraging lectimsed LTRs for targetedegradation,
synthetic glycan ligands are attached by random conjugation chemistries resulting in highly
heterogenous antibody conjugates that are difficult to characterize and optfhfiZe?%'0On the
other hand, previous work from our lab showed that chemoenzymatic antibody glycan
remodeling could be used to install a minimal M&#itaining structure sispecifically on
Asn297 of the antibody Fc and result in significartMBIPR mediated degradation of
membranebound protein targets, demonstrating that this can be a viable approach to obtain

structurally welldefined and homogeneous LYTAES.

LYTAC strategies have been attempted for the degradation of several clinicatpntele
extracellular proteins, such as PRland HER2 190 198,200, 202, 20f, the present study, we chose
the proprotein convertase subtilisikéxin type APCSK9) as a target to demonstrate the clinical
potential of LYTACSs for the treatment of diseases like hypercholesterolB@BK9 is a liver
secreted protease, the presence of which is known to reduckeiwsity lipoprotein receptor
(LDLR) levels, resuing in higher levels of the lowlensity lipoprotein (LDEC) and thus higher
risk of cardiovascular disea&¥.Extracellular PCSK9 binds LDLR receptor inducing receptor
mediated endocytosis, where PCSK9 prevents the recycling of LDLR to the cell surface and
redirects the receptdo the lysosome for degradatidfigure4.1).2%% 2%Several compelling
genetic studies have established a clear association between PCSK9 activity and levels of
circulating lowdensity lippprotein (LDL-C), the main vehicle for cholesterol transport in the
blood and a major risk factor for heart disease and stf6k¥.Specifically, patients with loss
of-function mutations in the PCSK9 gene were reportdtht@ remarkably low LDiC
levels2%® 219%nd PCSK9 gaiof-function mutants such as PCSK9 D374Y withfaldl higher

affinity for LDLR result in high LDL-C levels and hypercholesteremaSeveral therapies have
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been developed to block PCSK9 function including PCSK9 small molecule inhibitors, siRNAS,
and monoclonal antibodies, with monoclonal antibodies and siRld#&g the most advanced in
the clinical pipelin€!! 212However, paradoxically, dasj with anttPCSK9 monoclonal
antibodies results in elevated total serum PCSK9 levels in animal models and humans, which
could be problematic after antibody clearafiéé® Here we sought to explore the LYTAC
strategyfor targeted degradation of extracellular PCSK9, which may enhance the efficacy of
ant-rPCSK9 antibody for the treatment of hypercholestereRigue4.1). To test ths

hypothesis, we synthesized an array ofsjecific antibodyligand conjugates carrying natural

bi- and triantennaryN-glycans as well as the #8alNAc ligands using an Fc glycan remodeling
method. A flow cytometry analysis demonstrated an intereptioiije of binding of different
antibodyglycan ligand conjugates to the eslirface ASGPRIn addition,our celtbased assay
indicatedthat the synthetic antiboetylycan ligand conjugates could significantly degrade the
extracellular PCSKO. Interestinglthe antibodyconjugates carrying the {aintennaryN-glycans

or the trtGalNAc cluster moiety showed difference in receptor binding and degradation of
PCSK9, and a cledmook effect was observed for the antibeirGalNAc conjugate in these
processesut nor for the antibodypatural Nglycan conjugate. During the preparation of this
manuscript, Bagdanoff and -weorkers have reported thiagterobifunctional moleculespable

of binding toPCSK9 and the asialoglycoprotein receptor (ASGEWRI)d accelerte PCSK9
clearance iran animal modef!’ Takentogether, these studidemonstrate thpotentialof the
LYTAC strategy for theacceleratd clearance and degradation of pathogenic proteins in

circulationsuch as PCSK9
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II.

LDL-C

LDL-C
ﬁ PCSK9
ﬁ LDLR ﬁ LDLR
ﬁ LDL-C ﬂ LDL-C

Figure 4.1. Cholesterol regulation by the ledensity lipoprotein receptor (LDLR) in human
hepatocyted) LDLR promotes the endocytic uptake of LHL to the endosomd) PCSK9

binds LDLR, promoting its endocytosis and redirects LDLR to the lysosome for degradation
resulting in reduced LDLR levels and higher LiOLlevels.lll) PCSK93specific monoclonal
antibodies act as competitive inhibitors to disrupt PGER@R interactions and rescue LDLR
from PCSK9mediated degradatiotV) PCSK9specific LYTACs leverage liver HeASGPR to
promote PCSK9 degradation, removing it from circulation. LDLR is rescued from degradation
and can bind and clear LBC from the blood.

4.2RESULTS AND DISCUSSION
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Synthesis of highaffinity glycan ligands for ASGPR.We have previously described the use of
thechemoenzymatic Fc glycan remodeling approach to install drugs and m#&aplogsphate
glycan ligands sitspecifically on monoclonal antibodié$22° For example, we have reported
that M6Rmodified LYTACs prepared through this chemoenzymatic method can degrade
transmembrane proteins effectively through theVlBPR receptaf®® We sought to use the
chemoenzymatic Fc glycan redaling method to sitgpecifically install natural and synthetic
glycan ligands of ASGPR to the Fc domain of an-B@EK9 antibody, which has not been
explored beforeSite-specific antibody conjugation is highly desirable since the method allows

for tight control over location and valency of the attached cargoes.

Previous work from Lee and a@orkers on rat hepatocytes has demonstrated thatibi
, and tetraantennary asialcomplextypeN-g | y ¢ a ns wi-dalactoseanoietiesrame | b
recognized bytte rat asialoglycoprotein receptdrr?! The affinity of the biantennary complex
type N-glycan for rat ASGPR is relatively weasa 50 mM), while the affinity of the td and
tetraantennary Nglycans is in the nanomolar rangé?'S u c -galabbsides are also known
ligands for the human asialoglycoprotein receptor (hASGR&®yever, the optimal glycan
ligands for hASGPR binding and subsequent internalization remain to be further evilifated
This consideration is particularly relevant to the design of-bpercific LYTACs leveraging the
ASGPR receptor, and warrants further investigatilanenable the chemoenzgtic synthesis of
ASGPRspecific LYTACs and explore the substrate scope of the ASGPR receptor, several
naturalN-glycan structures were first prepared from the sialoglycopeptide (SGP) isolated from
chicken egg yolks. Thus, the asid@ntennary complex peN-glycanAsn (G2Asn,4.1) was
prepared by protease digestiorS@®Pf ol | owed by sialidase digestic

sialic acid as described from our previous repofts?® The asialylatedN-glycan (G2Asn) was
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then reacted with 1.5 mol eq. NHEG-DBCO to prepare GAsn-DBCO (4.2) and install a
chemical handle at the Asntidrminus for click conjugation (Schemdl). The final product
was purified by reversephase preparative HPLC to gi#e. The triantennaryN-glycan
oxazoline ¢.3), which serves as a substrate for antibodglifcan remodeling, was prepared
from bovine fetuin following our previously reported procedidfd.he DBCOtagged tr
antennanN-glycan @.5) was synthesized in several steps. First, protease digestion of bovine
fetuin, followed by anion exchange and enzymatic desialylation, gave thinked tri-
antennanN-glycan @.4). Then treatment of.4 with 1.5 mol eqiv. of NHSPEG-DBCO,
followed by reverseghhase HPLC purification, afforded the ®@3n-DBCO @.5). After the
synthesis of naturdl-glycan ligands, the highffinity tri-GalNAc ligand used by Bertozzi,
Tang, and cavorkerg® 2°1 was synthesized to enable comparison of synthetic and natural
ASGPR ligands. Chemical synthesisAd@ was accomplished following the reported
procedure$?®> Compound4.6 was then reacted with 3 mol equiv. NdPEG-DBCO in DMSO
and purified by reversepghase HPLC to obtain pute-GalNAc-DBCO @4.7) (Schemet.1l). The

identity of compoundég.2, 4.5, and4.7 were confirmed byH-NMR and LGESFMS analysis.
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Scheme4.1. Synthesis of ASGPR ligands used in the LYTAC approAgBiantennary
complextype N-glycanAsn is prepared by Pronase digestion of SGP followed by sialidase
treatment to remove terminal sialic acid. Compodiids reacted with NHS?’EG-DBCO to
prepare G2Asn-DBCO (Compoundt.2). B) Tri-antennary complekype N-glycans are prepared
from fetuin by EndeF3 digestion followed by sialidase treatment to obtain compditd
Alternatively, Pronase digestion of fetumllbwed by sialidase treatment gives the asialo
complex type G3Asn (4.4). Reaction with NHSPEG-DBCO gives G3Asn-DBCO (Compound
45). C) The triGalNAc-NH2 (compound4 6) starting material is synthesized according to
Prakash et al and reacted with NIREGs-DBCO to give compound.?.

Chemoenzymatic synthesis of the antibodiigand conjugates carrying natural and
synthetic ASGPR glycan ligandsWith compound<.2, 4.3, 4.5, and4.7 in hand, we next
examined their sitgpecific conjugation with Alirocumalzt@a), an FDAapproved monoclai
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antibody specific for PCSK9 using the enzymatic Fc glycan remodeling method. Thus,
Alirocumab (antibodyt.8a) was deglycosylated with immobilized witgpe EndeS2 from
Streptococcus pyogengsgive the Fual,6GIcNAcAlirocumab intermediate4(9a), which
serves as an acceptor for the subsequent transglycosylation (StBemenatural triantennary
N-glycan structure was then s#pecifically introduced by incubation 4f9awith EndeF3
D165A mutant in the presence of ®8azoline (compound.3) following previously reported
procedures to give G3Rlirocumab (antibody.10a), with tri-antennaryN-glycan on the Fc
domain??* Alternatively, antibodyt.9a could be incubated with azidnodified sugar oxazoline
donors to install a click handle on the monoclonal antibody. This was done by two different
methods to enable comparison of the effects of ligarttbody distance on hASGPR binding/
activity. Firstly, antibody4.9awas incubated with EndoS2 D184M in the presence-bkdi
S2G2ox to install the azidonodified sialecomplex typeN-glycan on the Fc, giving antibody
4.11aas previously reported by our 135 .Separately, antibody.8awas transformed in orRgot
to antibody4.12aby incubation with the dNz-Man-GN-ox disaccharide in the presence of WT
EndoS2, giving an antibody intermediate with azide groups attached to the shorter disaccharide
(Schemet.2).52 With intermediateg¢.11aand4.12ain hand, SPAAC (straipromoted azide
alkyne cycloaddition) click cheistry was performed to install higdffinity ASGPR ligandgt.2,
45, and4.7 onthe nonreducing ends of the Fc glycans. Three mole equivalents (per azide) of the
DBCO-modified naturaN-glycan ligand#t.2 and4.5 were reacted with intermediadel 1ain
phosphate buffer to afford novel antibody glycoclusfet8aand4.14ain just ore hour as
determined by LEESFMS. Alternatively, three mole equivalents of the synthetitGalNAC

DBCO ligand were reacted with antibody intermedidt@é&aand4.12ain phosphate buffer
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containing 10% DMSO. The reactions were monitored bygHSEMS and complete in-8 h to

afford antibody conjugatekl5aand4.16a

To demonstrate the feasibility of the conjugation method, we used Cetuximab as another
model antibody to show the Fc s#gecific conjugation even when additiomlglycans are
present in the Fab domains. Cetuximab is an epidermal growth factor receptor {BGfERNg
monoclonal antibody used for the treatment of colorectal and head and neck t&itess.
cetuximabligand conjugatewould provide an opportunity to test the targeted degrawl afi
membraneassociated protein (EGFR) by the antibody conjugates. Commercially available
Cetuximab (antibody.8b) was deglycosylated using immobilized WT Ef8® as described
above to prepare the GNFetuximab acceptor (antibody9b, Schemel.2). Chemoenzymatic
glycan remodeling was then done as described for the Alirocumab glycoforms to prepare
antibodies4.10b-4.11b, the diazidodissaccharidenodified antibody was not prepared. Lastly,
DBCO-modified ligandst.2, 4.5, and4.7 were conjugateddtantibody intermediaté.11b by

click chemistry to give conjugatdsl3b-4.15b (Schemet.2).
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Scheme4.2. Chemoenzymatic synthesis of Alirocumab and Cetuximaispéeific LYTACS.

A) Native antibodies are deglycosylated with immobilized WT EndoS2 to give the GNF
antibody acceptor which can be transformed to antibody vaddrigl.12 by transglycosylation
with various mutant endoglycosidase enzymes and su@eolinesB) Click conjugation of
ASGPR highRaffinity ligands by reaction of DBC@agged glycans with azidmodified antibody
intermediates.

Binding of LYTAC glycan ligands to ASGPR on the liver cell surfaceThe LYTACs
carrying naturaN-glycans and the synthetic-tAalNAc cluster moiety were then evaluated for
their ability to bind hASGPR on the liver cell surface by flow cytometry. To eliminate the

contribution of antibodyantigen interactions associated with the &@EFR antibody
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(Cetuximab), Alirocumaibased LYTACs were used in the binding studies and in a culturing

condition where HepG2 cells secrete significantly reduced levels of PCSK9 (Eigure

= 55 kDa

Figure 4.2. Western blot of PCSK9 protein secretion in HepG2 cell media under different
culturing conditionsFirst three lanes represent PCSK9 secretdddpG2cells cultured in
media containing 10% Fetal Bovine Serum (FBS) and at different cell densities. The midd
three lanes represent the sdrecells cultured in serurifree media and at different cell
densities. The last three lanes repreB&HK9 secretion for cells cultured in media containing
lipoproteindeficient serum (LPDSInd at different cell dens#s.

Initially, an antthuman phycoerythrin (PEgonjugated secondary antibody was used for
detection of each LYTAC on the cell surface, however, the secondary antibody was unable to
bind the antibody sugar conjugate$0a and4.13a4.16a Alternatively, the glycoengineered
antibod/ conjugatesvere biotinylated chemically using an NHy#®tin activated ester and

binding detected using a streptavidii conjugate. Asialofetuin, a known binder of the
asialoglycoprotein receptor, was also bigkated and used as a positive control. Importantly, the
number of biotin units conjugated to each glycoprotein is comparable so thedsmtiated
fluorescence intensity reflects the relative binding level of each conjugate. HepG2 cells were
seeded in 9@vell plates and incubated overnight in serirsee media. The next day, cells were
incubated with serial dilutions of each biotinylated LYTAC and binding detected by flow

cytometry. As expectediftle to no binding was observed for the native Alirocumatioedy
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Figure 4.3. Recognition of glycan ligands of biotinylatétY TACs by ASGPR on HepG2 cell

surface A) Mean fluoresence intensity (MFI) measurements of HepG2 cells incubated with serial
dilutions of each LYTACB)Rai o of maxi mum fl uorescence to EC
were obtained by nonlinear regression of each hyperbolic segment of each bindinglcurve.
measurements were done in duplicate.

containing mainly the agalactmmplex typeN-glycan and robust binding was observed towards
asialofetuin bearing asialbi- and trrantennary complex ty@dé-glycans (Figurel.3A). This

result confirms that ceBurface binding is dependent on the presasiderminal galactose.

Interestingly, LYTAC4.10awith the tritantennaryN-glycan directly attached to Asn297
of the antibodyFc, demonstrated only marginally better binding than the native antib8dy
suggesting that thid-glycans on this position might not be accessible to ASGPR recognition.
Similarly, weak binding was observed by LYTAICL6acontaining the highaffinity tri-GalNAc
ligand conjugatedo the short disaccharide core at the Fc glycosylation site. On thehatir
LYTAC 4.15acontaining the same talNAc ligand attached by cliakhemistryto the more
extended siakeomplex typeN-glycanon theFc domain was the strongest binder to-saliface
ASGPR, indicating that proper spacing from the bulky Fc domairitisal for effective
recognition of glycan ligands attachedhe antibodies. However, a decrease in the binding

signal was observed at concentrations higher than 400 nM, suggesting that exces4.$6mble
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acts as a competitive inhibitor of thdd5a ASGPR complex, a phenomenon known as the
prozone ohookeffect??® Thehookeffectis an immunologic phenomenon whereby the
effectiveness of antibodies to form immune complexes can be impaired when concentrations of
an antibody or an antigen are very higastly, LYTAC 4.14acontaining natural trantennary
G3N-glycans attachely click chemistryshowed ASGPR binding comparable to the antibody
tri-GalNAc conjugate4.15a) and was the strongest binding ligand above 400 nM concentration.
In contrast to the antiboelyi-GalNAc conjugate4.15a), theantibodyconjugate carrying the
natural triantennary Nglycans 4.14a) did notexhibit thehookeffect in binding tacell-surface
ASGPR and demonstrated steadily increasing-asfiociated fluorescence even to the highest
concentration of 1.2 uM. Some tslurface binding was observed by the antibody conjugate
(4.139) carrying btantennary Nglycans. However, the binding profile was erratic and was not
included for simplicity. As described in previous wothke taffinity of the biantennary complex

type N-glycan for rat ASGPR is relatively weak, in the rangeafs0 niV, while the affinity of

the trirantennary Nglycans for rat ASGPR is estimated in the range of nM concentrdtféhs.

Our binding #inity data with the human ASGPR appear to be consistent with the previously
reported results. However, it remains to be further investigated why the antibody conjugates
carrying the natural Mjlycans do not shothe hookeffect but the antibody conjugatearrying

the synthetic triGalNAc cluster moiety demonstrate a cleaokeffect in the receptor binding.

To assess the relative binding affinity of each glycoprotein more quantitatively, the EC50
was determined for each glycoprotein displaying significant binding above background levels
(i.,e. LYTACs4.14aand4.15a and asialofetuin). This was done by nordineegression of the
hyperbolic segments of the binding curves before decrease in fluorescence intensity due to the

hookeffect. These values were then normalized to the maximum fluorescence intensity achieved
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by saturated binding of each biotinylated glgootein and plotted sieley-side for comparison
(Figure4.3B). Indeed, LYTACA4.15ais the best binder to cedurface ASGPR with the highest
Fma/ECso ratio (3.8). LYTAC4.14awas the next best binder{(f#ECso = 2.9) with comparable
binding to the celsurface ASGPR receptor. Lastly, the biotinylated asialofetuin bound only
weakly with an ka/ECso ratio of 1.2, indicating that the hAASGPR can recognizaritennary
N-glycans attached by long flexible linkers better thasatennaryN-glycans in the context of
highly glycosylated glycoproteins. These results provide important insigbtglycan

preference and selectivibf the human asialoglycoprotein receptor.

Targeted-protein degradation of PCSK9 and effects on lovdensity lipoprotein receptor
(LDLR). Having confirmed that interactions of LYTA@sLOaand4.13a4.16awith ASGPR on
the liver cell surface depend on the presence of terminal galactosacatpgalactosamine,
Alirocumabbased LYTACs were then investigated for théitity to degrade extracellular
PCSK9. Degradation of PCSK9 was assessed by western blot of the cell culturdigada.
4.4 demonstrates the western blot data for HepG2 cells treated with varying concentfations
each antibody or antibody conjugate in the presence of PCSK9 D374Y, the PCSK9 D374Y
mutant alone, or seruateficient media (control) over 48 hours. No significant degradation was
observed by commercial antibodyBa, consistent with previous reports this antibody (Figure
4.47).22° Surprisingly, treatment with LYTAC4.13aand4.10aalso failed to degrade
extracellular PCSK9 despite cell surface ASERRIing detected by flow cytometry. This
indicates that clustered biantennaiyglycans, and trantennaryN-glycans attached directly to
the bulky Fc domain are ineffective ligands figgosomal targeting of extracellular soluble
proteins (Figuret.4B). Interestingly, however, LYTA@.14ademonstrated ~30% degradation

of extracellular PCSK9 at 200 nM concentration, indicating that tateannary G3-glycan
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can be an effective ligarfdr targeteddegradation when connected by a long linker ta\the

glycan on Asn297.

Gratifyingly, more pronounced degradation was observed by LYZABawith a
synthetic tiGalNAc ligand attached to each arm of the biantennary sialoglycan (S2G2).
Approximately 60% of extracellular PCSK9 D374Y mutant was degraded at a 50 nM
concentration o#.15a corresponding to an equimolar concentration of the LYTAC relative to
PCSKO9. Thenookeffect was also observed for this LYTAC, with reduced PCSK9 degradation
observed at higher concentrations (i.e. 33% degradation at 1@0L6k] and 0% degradation at
200 nM 4.158) most likely due to competitive binding of adjaceniGalNAc clusters and
resulting in fewer productive endocytosis events by the ASGPRAC-PCSK9 ternary
complex. Notably, this effect was not observed for LYTACAabearing natural tranteanary
G3N-glycans (Figure.4C) and is reflective of the same patterns observed in thewédice
binding experiments. LYTA®&.16a containing the same tGalNAc ligand attached to a short
disaccharide, was less effective than LYTAC5aand degraded only 34% of extracellular
PCSK9. The lower degradation induced by LYTAC6aas opposed to LYTA@.15a
containing the same GalNAc ligand, is likely due to the lower accessibility of@GalNAc
ligands attached to the bulky IgG Fcdomlaiy a s horter gl ycanoo&l i nker
effect is also visible for LYTAQL.16a which induces reduced PCSK9 degradation at higher
concentrations. As demonstrated by the western blot data in Bigutbis effect is unique to
LYTACSs containng the synthetic trGalNAc ligand.Furthermore, preliminary timeourse
experiments revealed that incubation of HepG2 cells with LY BAGafor 48 hours resulted in
maximal degradation of ~ 65% extracellular PCSK9 (Figusedemonstratingimilar

degradation kinetics as other antibdaysed degraders reported by Bertozzi and cowofRers.
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201 Thus, significant lysosomal degradation of the clinically relevant PCSK9 protein was
achieved by LYTAC4%.14a4.16a and demonstrated that naturalantennaryN-glycan ligands

can be leveraged for targetptbtein degradation for the first time.
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Figure 4.4. PCSK9 degradation assessed by western blot of HepG2 media after treatment with
each LYTAC. HepG2 cells treated with PCSK9 D374Y and serial dilutioA$ wétive antibody
483, B)LYTAC 4.13a0r4.10a C) LYTAC 4.14ao0r4.15a andD) LYTAC 4.16afor 48 hous.
Media of cells treated with PCSK9 D374Y only and OptiMEM media were included as positive

and negative controls of each blot, respectively.
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Figure 4.5. Western blot of HepG2 cell media to evaluate PCSK9 degradation after treatment
with tri-GalNAc-S2G2Alirocumab LYTAC @.1549) for different time pointsHepG2 cells were
treated with 50 nMt.15afor 6, 24, or 48 lin serumfree media and PCSK9 degradation was

assessed by western blot of the cell media at each time point
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To determine the effects of PCSK9 degradation ondewsity lipoprotein levels (LDLR),

western blots were done on the lysates of treated cells. Specifically, LDLR levels were compared
in cells treated with commercial antibodyaand LYTACs4.14aand4.15ato determine

whether targeted degradation of PCSK9 is a viable means of increasing cellular LDLR. As
expected, treatment of cells with exogenous PCSK9 reduced levels of LDLR (approximately
20%) relative to the untreated control bands. Interestindbyyver molecular weight double band
was also observed for the PCSKO treated cells and this was attributed to partial LDLR
proteolysis as previously reported in some cases (FijeteB).2% 1L DLR levels were

rescued from PCSkihduced degradatidny treatment with commercial antibody8a, and an
additional 17% increase in LDLR protein was detected at the highest antibody concentration
tested (Figurd.6A). By comparison, treatment with LYTAC14adid not result in any

significant increase in LDLR relative to the control sample. However, treatment with tri
GalNAc-modified LYTAC 4.15aresulted in a 40% increase in total LDLR at 50 nM

concentration (Figurd.6B). Importantly, significant levels of FRK9 degradation were detected

for LYTAC 4.15aat this concentration suggesting that PCSK9 degradation is responsible. These
results indicate that PCSK9 degradation may be a relevant therapeutic avenue for the

upregulation of the LDLResponsible for the tigke and clearance of circulating LEIL
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Figure 4.6. LDLR levels assessed by western blot of HepG2 cell lysates after treatment with
each LYTAC. HepG2 cells treated with PCSK9 D374Y and serial dilutioA$ wétive antibody
4.8a, andB) LYTAC 4.14aor 4.15afor 48 hours. Media of cells treated with PCSK97D¥

only and OptiMEM media were included as positive and negative controls of each blot,
respectively.

Further experiments are needed to determine if the upregulation in total LDLR observed after
treatment with PCSK®argeting LYTACA4.15aresults in sigrficantly increased LDEC

clearancen vivo. However, during the preparation of this manuscript, Bagdanoff and coworkers
demonstrated the preparation of@alNAc ligands attached to PCS#specific antibodies using
ThioBridge technology to form a covaldimtkage between the ligand and the reduced disulfide
bonds of the antibody heavy chai The triGalNAc-modified PCSK9 antibody and other small
heterobifunctional molecutewere evaluated for PCSK9 degradation in mouse models and found
to degrade approximately 6@% PCSK9 in mouse serum, in accordance with the results
reported herein. This report also provides the ifirsivo example of the clinical relevance for
PCSKO argeted degradation. However, the study by Bagdaetodll utilizes wildtype PCSK9

as their model target protein and bioconjugation strategies such as ThioBridge that leverage
reduction of interchain disulfides are known to affect antibody stabilityrd1¢he targeted

protein degradation approach is demonstrated on PCSK®fainction mutant D374Y, a
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