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Abstract of the Dissertation

The Versatile Applications of 6-Alkynyl Fucose andOther Fucose Analogs in Studying

Protein Fucosylation
by
Esam Al-Shareffi
Doctor of Philosophy
in
Biochemistry and Structural Biology
Stony Brook University
2014

Glycosylation is the modification of a target malecwith carbohydrate. It is a common
and complex co- or post-translational protein miodifon that is responsible for diverse and
essential biological roles including cellular conmuation, modulation of function, and the
provision of specific ligands for carbohydrate-bimgl proteins. Fucosylation is a specific type
of glycosylation that results from the transferfofose, a uniqgue monosaccharide with the L-
configuration, to its target proteins or glycanotigh the action of fucosyltransferases. Thirteen
fucosyltransferases have been identified, includprgtein O-fucosyltransferases 1 and 2
(POFUT1 and POFUT2), responsible for addition afoke to the hydroxyl group of serine or
threonine residues within specific sequences ofl&pnal Growth Factor-like (EGF) repeats and
Thrombospondin-1 Type Repeats (TSRs) in protegspeactively, as well as Fucosyltransferase
8 (FUT8), the fucosyltransferase responsible foe #iddition of fucose to the corl-

acetylglucosamine on complex-typdinked glycans.



Unlike protein synthesis, glycosylation is not tdat@ driven. The resulting glycosylated
proteins can be quite complicated, and robust tasésneeded to analyze their structures and
biology. The use of sugar analogs has revolutexhihe study of glycosylation. Modified forms
of naturally occurring sugars synthesized with atifi@al functional group, which can be
incorporated and metabolized by cells to reaclhr thed-target proteins, glycans, or lipids. The
functional group then allows for probing, visuahgj or potentially purifying the end-target

molecules modified with the sugar analog.

In this dissertation, | first studied the propestief 6-alkynylfucose (6AF), a fucose
analog with an alkyne functional group in the C&ipon, and itsin vivo incorporation into
glycoproteins expressed in Human Embyronic Kidn@§T2(HEK293T) cells. | directly tracked
the 6AF by mass spectrometry, taking advantaghefadded mass of the alkyne functional
group to distinguish 6AF from fucose. Additionallyutilized the alkyne by reacting it with
biotin-azide using the copper-catalyzed azide-akgycloaddition or “click” reaction. Addition
of biotin to glycoproteins which incorporated 6ARowed direct detection using streptavidin
probes by Western blot. Using these methods lladed that 6AF was efficiently incorporated
onto EGF repeats and TSRs by POFUT1 and POFUTRecteely, in a “bioorthogonal” or
minimally perturbing manner. | then attempted & 6AF as part of a proteomics protocol to
metabolically label HEK293T cells, carrying out tHelick” reaction to biotinylate all
fucosylated proteins for purification with strepidin beads and subsequent identification.
While | was able to carry out “proof-of-conceptXperiments where | was able to pulldown and
identify overexpressed proteins containing EGF a&per TSRs known to be fucosylated, | was
unable to use the protocol to identify any endogeho expressed fucosylated proteins from

HEK293T cells primarily due to their low abundance.



During the initial the 6AF experiments described\ad | noticed that 6AF was poorly
incorporated intdN-linked glycans. Using human Immunoglobulin G (Ig@&gavy chain, which
has a single N-linked glycan known to be efficigrthbre fucosylated by FUT8, | confirmed that
6AF inhibits core fucosylation. This result suggdsiat in contrast to the results above for
POFUT1 and POFUT2, 6AF is not a substrate but lamitor of FUT8. Since inhibitors of
fucosyltransferases are valuable as potential pleertacs, | then examined whether two other
fucose analogs (5-thiofucose (5TF) and 2-fluorofgc(2FF)) are substrates or inhibitors of
POFUT1, POFUTZ2, and FUTS8. All three fucose analogee at least partially incorporated as
substrates by POFUT1 and POFUT2 onto EGF repedt$ @Rs. Additionally, however, a mild
decrease in overall fucosylation was also obseovetthese targets, suggesting that all three
fucose analogs had simultaneous inhibitory propeiwn POFUT1 and POFUT2. Only trace
amounts of all three fucose analogs were incorpdras substrates by FUT8 on IgG. Moreover,
6AF caused a profound decrease in core fucosylafidgG, confirming its role as a potent
inhibitor of FUT8. A smaller decrease in core feiglation of IgG observed for 5TF and 2FF,

suggesting that these fucose analogs are alsatnsilef FUTS8, but less potent than 6AF.



| dedicate this dissertation to my family — my éthmother, brothers, and sister. | love you with
all my being.
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Chapter 1: Introduction



1.1. Fucose

Fucose is an unusual carbohydrate that is presenvariety of glycolipids as well as
component oD-linked andN-linked modifications on mammalian proteins. Iurgque in
having the Leonfiguration, whereas all other sars in mammals exist in the &nfiguration,
and is also structurally distinct in lacking a hyxlyl group on its -6 carbon. (Figure 1.* A
study of 3299 mammalian oligosaccharides revedlatfticose is found in 7.2% of t
oligosaccharides studied, and is a common termmalosaccharide moiety, second onl
sialic acid, making fucose@mmonplac component of carbohydrate modifications of prott

and lipids®

HO—— H——OH
3

H—*—OH HO—f—H
HO—P—H H—FP—OH
CH, CH,OH
L-Fucose D-Galactose

Figure 1.1: Fischer projection of the structure ofL-Fucose. The six carbons of fucose &
labeled. Note that most naturally occurring sugatseh as galactose, are present in t-
configuration, as can be determined by the arraegérnof the hydrox-group bound to -5
carbon. Note further that the @earbol lacks a hydroxyl group. Eucose can also be descrit
as 6-deoxy Lgalactose. This figure was adapted from structavedable in the public domair



The scientific literature is teeming with publish&ddies implicating fucose in a variety
of physiological and pathophysiological proces§es.instance, fucose modifies the terminal
galactose on the lactosamine-type precursor omietyaf glycoproteins and glycolipids,
synthesizing H Antigen (Figure 1.2), which is exgaed in “O” blood group individuals,
highlighting the role of fucose in the ABO bloodgp setting:* Additionally, siaIyI-Lewi§
(Figure 1.2) antigen, of which fucose is a majanponent, allows attachmentldf pylorito the
gastric epithelium, which can leadpeptic ulcer disease and gastric cancer. Additipnfalcose
is a big part of sialyl-Lewis(Figure 1.2) antigen, which plays an essentia iolselectin-
dependent leukocyte adhesion and lymphocyte horSiiadyl-Lewis has also been implicated in
mediating human sperm binding to the zona pelluitidartilization? and overexpression of
sialyl-Lewis‘ has been implicated in a variety of canceBare fucosylation oi-linked glycans
(Figure 1.2) affects proper functioning of transnieame signaling receptors. Disruption of core
fucosylation ofN-linked glycans leads to neonatal lethality and leyspma-like changes in the
lungs of mice® while midline patterning and eye development disface observed in zebrafish
mutants’ The role of fucose in inflammation and cancer idely recognizeti*® and is the
subject of numerous ongoing investigations, paldityithose concerning the tracking of serum
fucose levels or aberrantly fucosylated glycopraeis biomarkers for cancer diagnosis and
prognosis, particularly those of breast, liver, padcreas’** Additionally, fucose as well as the
enzymes responsible for fucose synthesis, transpadttransfer onto target glycans and
proteins, are increasingly the subject of intengdysfor the purpose of developing therapeutic

inhibitors and antibodies in an effort to treatamigty of malignancie¥*>*’

In order for fucose to be used as a substrate thfyn@arget proteins or lipids, it must be

coupled to GDP. In mammals, GDP-fucose is syntieelsinrough two pathways, known as the



de novoand salvage pathways (Figure 1:3j1n thede novopathway, GDP-mannose is first
converted to GDP-4-keto-6-deoxymannose, througletizgme GDP-mannose dehydrogenase
(GMD).}**2!Next, GDP-4-keto-6-deoxymannose is converted t@ose through the action
of FX, a dual functional epimerase/reductase enZyth& It is estimated that ~ 90% of GDP-
fucose in mammals is obtained through the de natioway under ordinary circumstané@s,
although this often quoted figure is derived exidlely from one study in which fucose
metabolism was studied in HelLa cells with radiolatdéucose. In that study, the authors
calculated that of the 11.1 nmol GDP-fucose / 238 10 HeLa cells in the GDP-fucose pool,
10.2 nmol / 23 hours / IMHeLa cells came from an endogenous source (GDRosa), while
0.9 nmol / 23 hours / IMeLa cells, or roughly 8%, came from the exogerradilabeled

fucose.

In the salvage pathway, free fucose derived froetady sources or added to culture
medium is transported into the cytosol by a postlidied mechanism, presumed to be through
facilitated diffusion, and is then converted to Gose through a two-step mechanisFirst,
fucose kinase converts fucose to fucose-1-phosphateeaction that consumes ATP. Next,
GDP-fucose pyrophosphorylase converts fucose-1gitais to GDP-fucose in a reaction that

consumes GTP?

Once the GDP-fucose has been synthesized in tbealyit requires the action of a
GDP-fucose transporter to ferry the GDP-fucosd#oandoplasmic reticulum or the Golgi
apparatus, the sites where fucosyltransferase§Dsefucose as a substrate to modify targets of
fucosylation®> In humans, the Golgi-localized GDP-fucose transsas known as Slc35c1, and
defects in the SLC35C1 gene are directly implicatea rare but devastating human disease

known as leukocyte adhesion deficiency Il (LAB252LAD2 is characterized by mental
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retardation, growth retardation, immunodeficierayd leukocytosis without pus formation,
directly attributed to the absence of neutrophilydiLewis®,>® which cannot be produced due to
the defect in fucose metabolism (Fig@r2). InDrosophila the homolog of Scl35cl is called
Golgi GDP-fucose transporter (Gff).Gfr has been demonstrated to transport GDP-fuicose
vitro, althoughGfr’” Drosophila® andSIc35c1” mice®* showed only mild defects that are far less
significant than flies or mice unable to synthe<si@P-fucose, suggesting the presence of
alternate mechanisms for GDP-fucose transport. s€aech for such alternate mechanisms in
Drosophilaled to the discovery of the ER GDP-fucose trangpdEfr), which localizes
specifically to the endoplasmic reticulum, and seéonfunction redundantly with Gfr in th@-
fucosylation of Notch, a transmembrane protein ghatucial for local cell-cell communication,
particularly in developmerit. Further work in the field revealed that Slc35agm be the
mammalian version dbrosophilaEfr. Overexpression of Slc35¢2 was shown to caepgth
Slc35cl for GDP-fucose, promote tBefucosylation of EGF repeats 29-36 in Notch 1, and
localize to the cis-Golgi network and endoplasmeticulum-Golgi intermediate compartment
(ERGIC), although further work on a targeted muotain Slc35c2 is required before confirming

that Slc35¢2 is definitely a GDP-fucose transpotter

Once transported into the lumen of the ER or G&dpP-fucose serves as donor
substrate for one of the thirteen known fucosykfarases in humarg-ucosyltransferases 1-11
(FUT1-11) are localized in the Golgi apparatus,l&/RiroteinO-fucosyltransferases 1 and 2
(POFUT1 and POFUT?) are localized to the Rach fucosyltransferase recognizes a
particular glycan or protein site for modificatioA list of the known fucosyltransferases and the
representative major products they modify is listeBligure 1.2. A prior review focused on

FUT1-11 (Becker and Lowe, 2003put the last decade has seen the discovery oF®&Nd



POFUT2 and significant advances in our understandircfUT8. While all of the
fucosyltransferases play important roles in biolagyly elimination of FUT8, POFUTL, or
POFUT2 results in lethality in mic&3’ The remainder of this chapter focuses on sumnmarizi

what has been learned recently about these bialhgiessential enzymes: FUT8, POFUT1, and

POFUT?2.



Common Name(s) Representative Major Product(s)

H blood group FUT1 H 2;“3[;:' type 2
a2fucosyltransferase A-O——
Secretor (Se) blood group FUT2 it zgtlgﬁegn, e
a2fucosyltransferase AO—1—
Fuc-THI FUT3 Sialyl-Lewis*  Sialyl-Lewis? Sialyl-Lewis®
a3/4fucosyltransferase o3 -4 a3 $3 a2-$3
o3 o a
Lewis blood group
fucosyltransferase Lewis* Lewis® Sialyl-LewisY
B4 B3 a2_Ba
a3| aa a3|
Fuc-TIV FUT4 :B4 B3 p4 :ﬁ4 B3,_p4 a3 B4
a3fucosyltransferase a3 a3 —C a3I
ELAM-1 ligand fucosyl :B4 g3 B4 'Ot3cl34 B3 B4
transferase = o3 o3
Fuc-TV FUTS B4 a3 B4
a3fucosyltransferase a3| a3l
Fuc-TvI FUT6 B4 a3 B4
a3fucosyltransferase u3| - a3I
Fuc-TVII FUT7 a3 B4,
a3fucosyltransferase a3|
B2,
Fuc-TVIIl FUTS 26 p4_pa_ K-Core structure of all N-glycans
a6fucosyltransferase ‘M B
<—"“Core fucose”
Fuc-TIX FUT9 P4
a3fucosyltransferase a3|
B4
Fuc-TX FUT10
a3fucosyltransferase e
B4

Fuc-TXI FUT11
a3fucosyltransferase a3

Protein O- POFUT1 0SB e Thre @25 LAMEAL ser/Thi

fucosyltransferase 1
Protein O- POFUT2 @A ser/Thr+
fucosyltransferase 2

Figure 1.2: List of the thirteen known fucosyltrangerases in human<®>2%3° Major

representative products of each fucosyltransfesesdisted. The linkage of the fucose adde
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each enzyme appearshold. *This modification has only been observed onngeor threonine
residues that fit the consensus sequerfd&X&X(Ser/ThrC?, where G and C are the second
and third conserved cysteines of properly foldedl&mal Growth Factor-like (EGF) repeats.
**This modification has only been observed on seian threonine residues that fit the consensus
sequence &X(X)(Ser/ThhC*XXG, where C and G are conserved cysteines on properly
folded Thrombospondin-1 type repeats (TSRs). Rieddle, fucose; yellow circle, galactose;
blue squarelN-acetylglucosamine (GICNAc); purple diamond, sialaid; green circle, mannose;
blue circle, glucose.

H. pylori
attachment and B. thetaiotomicron
pathogenesis - enterocyte
(Lewis b antigen) interaction
2 (H antigen)
A Fucose Selectin wa) B3 o2 L
. . recognition
@ sialic acid (Lewis x antigen) i Notch
O Galactose 02 o2 signaling
Il N-acetylglucosamine e o3 Naf 6 TG!F;BL EGF, 306
" : g pa integrin,
[ N-acetylgalactosamine +-80, s8¢ LRP1 signaling . pa
@ Mannose 5
o3 o 3 (Fringe)
@ Glucose -Asn-X-Ser/Thr- -Ser/Thr- o
Core fucosylation TSR sser/Thr:
] N-glycans 0::;?1?;9 Eg-F repeat
- -fucose
Extracellular Mucin-type FuTS Pofutl
space A O-glycans
Lipid bilayer D G
Intracellular k
space A
Fucose
Salvage pathway | kinase
A-1-PO,
GDP-fucose ER/Golgi
GMD - pyrophosphorylase membrane
GDP-mannose 3,5 epi o/ GDP Fucosyl-
4,6 dehydratase GDP-4-keto 4..%%,_.“1&:2 Transgter transferases
i -4-keto- e # > =
GDP: Man_’s-deoxy-u-man > GDP-A = GDP-A '
Glycoprotein ER/Golgi
De novo pathway precursors lumen

Figure 1.3: De novo and salvage pathways for GDP-fucose synthesig.he figure illustrates
thede novopathway which converts GDP-Mannose to GDP-Fudoesmigh the enzymes GMD
and FX, as well as the salvage pathway, which tyredilizes fucose and converts it to GDP-
Fucose through the action of fucose kinase and Gib&se pyrophosphorylase enzymes. This
figure is presented here with permission from thigar>



1.2. Fucosyltransferase 8 (FUT8)

Fucosyltransferase 8 (FUT8) is the only enzyme lol@paf catalyzingil,6 fucosylation
in mammals®® As Figure 1.2 illustrates, many of the other ydtransferases catalyze
formation of redundant linkages, but FUT8 is uniquéargeting the core GICNAc on complex-
typeN-linked glycans for fucosylatioff. The generation dfut8” mice revealed the essential
role FUT8 plays in survival and growtlfut8’ mice are born with no apparent anomalies and
their appearance is indistinguishable frBat8"* mice, but approximately 70% of the mice die
within 3 days of age. Survivors display severenghoretardation, while analysis Bfit8"” mice
reveals progressive emphysema-like changes inltivegs, likely due to pathologically
enhanced expression of matrix metalloproteases (B)M#3pecially of McolB (the mouse
orthologue of MMP-1), MMP-12, and MMP-13. This amiged matrix metalloprotease
expression was traced to down-regulation of thesfiiaming growth factor (TGPB4) receptor
mediated signaling pathways, which in turn is duéhe lack of core fucose on the TGE-
receptor’” Disruptions in the epidermal growth factor (EGEgeptor and the vascular
endothelial growth factor receptor (VEGF), E-cadiinesinda3p1 integrin, caused by lack of

core fucosylation of these receptors, was alsoioatgd?****

The crystal structure of FUT8 has been previosslyed?! It contains 13-strands and
16 a-helices with several distinct features, includangoiled-coil structure formed by two long
antiparallela-helices at the N-terminus, a catalytic domain iimg) of a Rossman fold
typically seen in nucleotide binding proteins, &éimel SH3 domain typical of cytosolic proteins

located at the C-termind$*®



The processing and maturation ofN-glycan is quite complex and carried out by
concerted action of a staggering number of enzyrmidgarticular relevance to FU is that
core fucosylation only takes place on “com|-type” N-linked glycans, in which “antenna
initiated by GICNAc are attached to both termina@mmose sugars in the “core structtL
common to alN-glycans (Figure 1.2). Core fucosylation of com-typeN-glycans by FUT¢

takes place in thmedial-Golgi (Figure 1.4*°
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N-glycan is further processed in the ER lumen. CemyypeN-glycans can be modified by
FUTS8 (as indicated in the figure) in theedialGolgi. This is an adaptation of Figure 8.4
published in The Essentials of Glycobiolog§ &dition?

FUT8 has been implicated in a wide variety of pblmiical and pathological functions.
Core-fucosylated alpha-fetoprotein is a well-stddi@mor marker for hepatocellular carcinoma
— while levels of alpha-fetoprotein are elevatedliforms of liver disease (e.g. cirrhosis,
hepatitis, chronic liver disease), only in hepalioé& carcinoma is the fraction of core-
fucosylated alpha-fetoprotein elevaféd® Core fucosylation on thi-linked glycan of E-
cadherin plays a role in the regulation of this amant mediator of cell-cell adhesion. Increased
levels of FUT8 expression are correlated with insegl levels of E-cadherin expression in
primary colorectal cancer sampf@sSimilarly, core fucosylation is known to modulétéegrin
activation and plays an essential role for the fioneng of a3p1 integrin in cell migration and
signaling, while aberrant glycosylation in the foofnincreased core fucosylation @31

integrins plays a role in altered cell adhesiomdeeancer invasion and metastdSis.

Perhaps of greatest interest is the observatatratitibody dependent cellular (or cell-
mediated) cytotoxicity (ADCC), achieved throughrtpgeutic antibodies, is enhanced 50-100
fold in core fucose depleted antibodi&s* ADCC is induced by antibody binding to antigens on
target cells, including tumor cells. Natural Killeells (or other immune cells) express a receptor
which recognizes and binds to the Fc portion oibadties, typically Immunoglobulin G, leading
to crosslinking of the immune effector cell witketAntibody-bound tumor cell and
degranulation, causing lysis of the tumdThe interaction of the antibody with the effeatefls
is reduced greatly in core-fucosylated antibodyl i@mas been shown that strategies to produce

non-core fucosylated antibodies significantly erdeathe potency of therapeutic antibodies.
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One strategy to achieve this goal has been thegest various sugar analogs to act as inhibitors

of FUT8 (Chapter 45°
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1.3. ProteinO-fucosyltransferase 1 (POFUTL1)

O-Fucosylation by POFUT1 occurs at consensus seqaamtsmall cysteine-rich
domains known as Epidermal growth factor-like (E@&¥)eats, at the consensus,
Coxxx(SIT)C3, where & and G are the second and third conserved cysteineedEGF
repeat? While over 100 proteins are predicted to be medifiyO-fucose based on the presence
of the consensus sequence within EGF repéaite Notch family of receptors have more
predictedO-fucose sites than any other protein in the daggyas’ Results from many groups
reveal thaD-fucosylation is essential for Notch functigi’* POFUTL1 is critical for Notch
signaling activation.Pofutlknockout mice show growth retardation by embryatay 9.5 and
die by embryonic day 10 displaying severe morphickiglefects, particularly in somite
formation, as well as in neural tube, cardiac, lodd vessel developmeint>® POFUTL1 also
regulates lymphoid and myeloid homeostasis by naiohg Notch receptor ligand interactions.
Inducible inactivation of Pofutl results in a retioc in T lymphopoiesis, reduced production of
marginal-zone B cells, and myeloid hyperpl&éi@utside of POFUT1's role in regulating Notch
signaling, heterozygous mutations in POFUT1 haenhbeplicated in a rare disorder, Dowling-
Degos Disease (DDD), characterized by dermatolbgltanges which typically include variable
hyperpigmentation and hypopigmentation of the ftes® Additional evidence for the
sensitivity of certain Notch-dependent processd¥@&UTL1 levels emerged with the
characterization of the “compact axial skeletontaxmutation that arose spontaneously in a
breeding colony, which “carries an insertion ofiinacisternal A particle retrotransposon” into
an intron of the Pofutl gene causing a Pofutl hygrphic allele that results in the reduction of
transcription and consequently reduced Notch esjme8* Thecax mutant embryos show

specific defects in anterior-posterior somite paitey and axial skeletal developm&nbut do
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not show any other obvious defects, suggestinget a 50% reduction in POFUT1 activity
has phenotypes in some genetic backgrounds.

O-Fucose also appears to play an important fundtimba in the ability of agrin to
cluster acetylcholine receptdtsbut the function oD-fucose on the vast majority of predicted
modified proteins, including notable examples fikeillin-1 and fibulin-1, both essential for
elastic fiber formation in connective tissif&§’ are unknownO-Fucose on EGF repeats in
several proteins can be extended by the Fringeyarhp3-N-acetylglucosaminyltransfera$&s
9 and other enzymes, ultimately to the tetrasacdbaia2-3/6Gap1-4GIcNAPB1-3Fual-O-
Ser/Thr (Figure 1.2°®®There exist three Fringe homologs in mammals, knas/Lunatic,
Manic, and Radical Fringe, while only one Fringetpm is known to exist iDrosophila In
flies, Fringe regulates Notch by inhibiting Notattigation from the “Serrate” ligand, while
enhancing Notch activation from the “Delta” liganbh this way, changing the glycosylation
state of the receptor by Fringe elongation of@iicose monosaccharide (which was added by
POFUT1) can regulate Notch signaling. This stnaiegised byDrosophilato ensure that
Notch is only activated at the dorsal/ventral bamydn wing development, even though Notch,
Serrate, and Delta are expressed throughout thginadaving disc, by tightly regulating Notch
activation in only the desired area through Frifigé.

The structure of POFUTL1 derived frd@aenorhabditis elegan€ePOFUT1), has been
solved, both in apo-form (without GDP-fucose bouadl in complex with its ligand, GDP-
fucose’ C&POFUT1 is a monomeric protein, as confirmed by il ultracentrifugation and
gel filtration chromatography. It adopts an ove@l-B (Glycosyltransferase-B) fold,
characterized by two main “Rossmann-like” domainthe N- and C-termini with a connecting

linker region and the catalytic site between thegedomains.>’* POFUT1 is unique among
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fucosyltransferases, in that only POFUT1 and POFBFE2ocalized to the endoplasmic
reticulum, whereas the other eleven fucosyltraastes (FUT1-FUT11) are all Golgi-resident
proteins® '’ Moreover, POFUTD-fucosylates only properly folded EGF repeats, dg one of
several differently folded substrates with the sanodecular weight (as determined by LC/MS)
was modified by POFUT Additionally, other than POFUT1’s catalytic roke®@-fucosylation,
POFUT1 has been shown to have a distinct chapexcnaty in Drosophila. This was shown by
experiments where depleting POFUT1 by RNAI resuiitetthe accumulation of Notch in the ER
of those cells. Nevertheless, Notch secretionnessued in those cells with a POFUT1 mutant
lacking fucosyltransferase activify.

Recently, POFUT1 was recognized as one of a feenpal prognostic marker for breast
cancer in a study that examined over 200 glycosylagenes in breast cancer tumor cells
compared to normal controf3.Of perhaps greater significance, a recent sthdyed a
statistically significant upregulation of POFUT 1pegssion in oral squamous cell carcinoma-
cells as compared to normal oral keratinocytesjngithe prospect that POFUT1 inhibition

could be used as a strategy for treating humancarater°
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1.4. ProteinO-fucosyltransferase 2 (POFUT2)

O-Fucosylation by protei@-fucosyltransferase 2 (POFUT?2) takes place on
Thrombospondin type-1 repeats (TSRs) at the consesesjuence®,.5(S/T)C?X,G 2%
Approximately 50 proteins are predicted to®éucosylated based on the presence of this
consensus within TSRs, including all 19 memberhefADAMTS family of matricellular
proteases’® Disruption ofPofut2in mice results in embryonic lethality by E10.8lizating
thatO-fucosylation of TSRs, like that of EGF repeatsssential for proper developméhnt.
Nonetheless, the specific targets responsiblehtdthality are not yet known. Several reports
suggest thaD-fucosylation of TSRs is required for proper folgliand secretion, suggesting that
the lethality may be due to loss of secretion ofrtbers of the ADAMTS famil{>#* O-Fucose
on TSRs is typically extended bypa-glucosyltransferasg;*®and mutations in this enzyme lead
to Peters’-plus syndrome, an autosomal recessivgerutal disorder of glycosylation
characterized by a specific malformation of the, @yal associated with developmental defects,
cleft lip/palate, and mental retardati&i?* Nonetheless, the biological function of extendrg
fucose on any of the proteins predicted to be nnedlis not known.

Like POFUT1, POFUT2 is an ER-localized proféiand onlyO-fucosylates properly
folded TSRS Of great significance, Chen et al. solved thes8Dcture of human POFUT2 in
201222 The authors were particularly interested in un@@ding how POFUT2 was able to
accommodate over 50 predicted protein target©farcosylation and determined that the
critical component in TSRs was the presence ofigugthree dimensional “AB-loop”
conformation. In fact, the authors designed aifi@al “mini-TSR” that comprised only 29
amino acids as compared to 55 amino acids in atyld TSR, and the authors showed that the

mini-TSR was fucosylated successfully by POFUT2thdugh the artificial mini-TSR retained
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the predicted consensus sequenc&fducosylation by POFUT2, there was still a real pexg
based on those results that POFUT2 could in fagk babroader list of targets than originally
anticipated, since it would at least be theordfigadssible that the “AB-loop” confirmation
could be a feature of some proteins that did neehhe currently defined POFUT2 consensus
sequence. Therefore, an endeavor to map and de&@efucose proteome could potentially
discover proteins not currently predicted todx&ucosylated, or at a minimum provide
confirmation to the currently generated list ofghoted targets, many of which have not been

independently confirmed to li&-fucosylated by biochemical or mass spectrometrithous.
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1.5. Sugar analogs

The development of sugar analogs has revolutiortzedtudy of glycans by providing a
powerful tool for tracking or modifying glycosylati in a number of ways. One strategy
involves the metabolic labeling of cells with a meaccharide analog bearing an azide (or
alkyne) chemical handle. The metabolically labedadar analog is incorporated onto target
glycoproteins and/or glycolipids, allowing visuaiion after reacting with a reagent bearing the
complementary alkyne (or azide) conjugated to asmimg probe. The reaction that covalently
couples the azide and alkyne groups is a variaidhe Cu(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) (informally referred to asethclick” reaction (also see Figure 1.8j)*
This strategy has allowed successful imaging of brame-associated glycans in developing
zebrafisfi® andC. elegansell-surface glycan¥ Similar strategies have been employed to detect
a variety of sugar modifications, including siab@d and fucosylated glycafis®® The same
strategy could be expanded by reacting the metadilylilabeled sugar analog to a
complementary reagent bearing biotin (instead afreaging probe), as this would allow
detection of proteins modified with the labeled augnalog through anti-biotin or streptavidin
probes by Western blot, or by potentially isolatargl purifying those proteins by passing them
over streptavidin beads. Alternatively, one mag sisgar analogs as part of a strategy to inhibit
glycosyltransferases, which could be achieveddfdhgar analog’s structure binds to a target

glycosyltransferase but cannot be transferredeatteptor.
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Figure 1.5: Cu(l)-catalyzed azidw~alkyne cycloaddition or “click” reaction. The azide group
bound to some desirable functional moiety (e.gorigcent probe or biotin) is reacted with
alkynetagged sugar analog that has already been incoegareo target preins that ar
harvested from cell lysate or cell medium. Theciclreaction conditions are generally mi
taking place at room temperature and physiologealEven the Cu(l) catalyst can be avoir
using alternative reagents for in vivo reactio

In this dissertation, | utilized three fucose agato ¢-alkynylfucose (6AF), -thiofucose
(5TF), and ZHuorofucose (2FF). 6AF resembles fucose but Imaallayne group incorporated
the C-6 carbon (Figure 1A8. 6AF was favored over the related a:-fucose analog because f
latter has reported toxicity issues in some celtsia thus less useful compared to the alk
analod®. 6AF is taken up through the fucose salvage pathesxentually leading to addition
6AF onto proteins that normally bear fuc.**'%20f the thirteen known fucosyltransfera:
(FUT1FUT11; POFUT1; POFUTY, the tolerance for fucose analogs has already
demonstrated with FUT2-FUT¥ and FUT9:°* While most of these studies w done in
vitro'® and with other fucosyltransferases, the demonsetrakiat 6AF was incorporated in thc
settings gaves confidence that 6AF might be successfully inooaiged in HEK293T cells
Additionally, no direct mass spectrometric analygiproteins where 6AF had be
metabolically incorporated was previously reportaising the prospects of publishing
resuts for this novel approach. Finally, though faielypensive, 6AF is commercially availak

negating the need to perform a special synthessdaire the reage

19



While 6AF was selected for the purpose of incorponainto HEK293T cells b
POFUT1 andPOFUT2, the other two sugar analogs were mainbcsed for their ability tc
serve as potential inhibitors of fucosylatior-thiofucose (5TF) (Figure 1B) has beel
demonstrated to be an inhibitor of si-Lewis* biosynthesis, as GDSTF was not tranerred by
either FUT3 or FUT7 in cancer cells, as part of kordevelop sial-Lewis® inhibitors for
anticancer therapeutic® 2-fluorofucose (2FF) (Figure 6C) was selected because it was sh
to have inhibited core fucosylation bUT8 of IgG in Chinese Hamster Ovary (CHO) cells
part of work to develop nooere fucosylated antibodies that have enhanceahppia triggering

antibody dependent cellular cytotoxicity in the ta of anticancer therapeut®
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Figure 1.6 Structures of the fucose analogs. A6-alkynylfucose (6AF). B. 5-thiofucose
(5TF). C. 2-fluorofucose (2FF). Naturally occurring-Fucose is shown at the bottom
comparison.
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1.6. Aims of this Dissertation

The overall aim of this dissertation is to use swgwlogs to study protein fucosylation.
My hypothesis is that 6-alkynylfucose (6AF) is adrithogonal analog of fucose in the context
of O-fucosylation by Protei®-fucosyltransferase 1 and 2 (POFUT1 and POFUT2)ande
used as part of a proteomics protocol to deterria®-fucose proteome. | further hypothesize
that 6AF, as well as other fucose analogs 5-thmdad5TF) and 2-fluorofucose (2FF) can

potentially inhibit the core fucosylation bi-glycans by Fucosyltransferase 8 (FUT8).

Each of these questions is addressed in the enseatigns. The first focuses on
experiments probing the non-perturbing qualitie€AF in the context oD-fucosylation. Next,
work on utilizing 6AF as a tool to elucidate tBefucose proteome is described. Finally, the use
of 6AF, 5TF, and 2FF as potential inhibitors of BJ&s well as their impact on POFUT1 and

POFUT?2, is explored.
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Chapter 2: 6-Alkynyl Fucose is a bioorthogonal anlague for O-fucosylation of Epidermal
Growth Factor-like repeats and Thrombospondin Typel repeats by ProteinO-

Fucosyltransferases 1 and 2*
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2.1. Introduction

Over 150 proteins are predicted to®ducosylated by POFUT1 or POFUT2 and
mutations in these proteins cause embryonic leghialimice®’>® presumably in part due to
changes caused by the abrogatio@dticosylation in these proteins. The only knowrgéds of
O-fucosylation are proteins which contain properlgénl EGF repeats, which atefucosylated
by POFUT1 and proteins containing TSRs which@ifeicosylated by POFUT2. Of note, only
some of these predicted proteins have actually beefirmed to b&-fucosylated by
biochemical or mass spectral approaches, whilegiimaining proteins are only presumed to be
O-fucosylated based on their containing the curresiglsignated consensus sequence observed
for O-fucosylation. Moreover, the prospect that addald>-fucosylated proteins may exist was
indirectly raised by the work of Chen et al. in 20@vhen these scientists showed that a “mini-
TSR” containing only some of the essential featwfes TSR was stilD-fucosylated by
POFUT2% As such, a convenient method that can elucidat@-ucosylated proteins would,
in one fell swoop, be capable of confirming th&tl&l0 or so predicte®-fucosylation targets
are indeed modified. More tantalizingly, such ahmd would also enable refining the
consensus sequence fosfucosylation, by expanding the sequence to fit @@y targets found
to be modified, and/or by restricting the sequahseme predicte®-fucosylation targets are
found not to be modified.

The use of a fucose analog, 6-alkynylfucose (6ARs considered ideal to approaching
this problem. The general concept would be to badteally label a desired cell line with 6AF.
The 6AF would then be incorporated oQducosylated proteins. These proteins would become
biotinylated after reacting the proteins with azlotin, utilizing the Cu(l)-catalyzed azide-

alkyne cycloaddition, or “click” reaction, and thparified by passage over streptavidin beads
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for subsequent proteomics analysis, to determie®tfucose proteome. Beyond the use of 6AF
in proteomics, the fucose analog could be usednasams to conveniently track fucosylation in a
cell. For instance, in the Haltiwanger lab, selvemngestigators are interested in whether or not
O-fucosylation plays a role in the secretion of detstrof proteins, like ADAMTS13.
Incorporating 6AF into targéd-fucosylated proteins, “clicking” with azido-biotiand

performing a Western blot probing with streptavidimanti-biotin, thus provides a convenient
assay for assessing tBefucosylation of a protein, which might otherwisguee far more
complicated, time-consuming, and costly analysiglirtng more starting sample (e.g. by
proteomics.) Other investigators might be intexésh visualizingO-fucosylation by fluorescent
tagging, which would also be possible by metabtidabeling with 6AF and “clicking” with

an azide bound to a fluorophore.

In any case, before utilizing 6AF for any of th@ggposes, it must be proven that 6AF
can be efficiently incorporated into known targeft©-fucosylation, namely proteins containing
EGF repeats and TSRs. Moreover, as the fucose saoaaride can be further elongated by
other enzymes to a tetrasaccharide3iaGap1-4GIcNAG1-3Fual-O-Ser/Thrf®*®on EGF
repeats or to the Gdt-3Fuc disaccharide byp8-glucosyltransferase on TSRE it is also
important to know whether or not 6AF incorporatperturbs the addition of these additional
sugars. If 6AF can be efficiently incorporated®R@FUT1 and POFUT2 and does not
appreciably alter further glycosylation on thesge#s, then it could be a viable tool in studying

O-fucosylation.
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2.2. 6-Alkynyl fucose is successfully incorporatednto EGF repeats and TSRs

To determine whether 6AF is tolerated by Pofutl Botlit2, we examined metabolic
incorporation into several protein fragments: E@peats 1-5 from mouse Notch 1 (mN1 EGF1-
5), which contains three known Pofutl modificatiites®>’** and TSRs 1-3 from human
Thrombospondinl (hT1 TSR1-3), which contains theewn Pofut2 modification sité8
(Figure 2.1B). Constructs encoding secreted vesstdmN1 EGF1-5 or hT1 TSR1-3 (or
untransfected control) were transfected into wyfget Human Embyronic Kidney (HEK293T)
cells, and incubated with 200 uM peracetylated 6&R200 uM peracetylated fucose, for 72
hours. Cell lysates and culture media were sulject€€uAAC with azido-biotin (+ click
chemistry) or without azido-biotin (- click chemmg), separated by SDS-PAGE, and transferred
to nitrocellulose. Both mN1 EGF1-5 and hT1 TSR1e8Ild be detected by streptavidin
peroxidase indicating the presence of 6AF taggel rotin on the proteins (Figure 2.2A).
Reactivity with streptavidin peroxidase requiredib®AF and click chemistry (CC). The anti-
myc blot confirmed the expression of mMN1 EGF1-5 amdl TSR1-3 in transfected media
samples. Control media, obtained under identicatlitmns from untransfected cells, showed no
signal with streptavidin or anti-myc. Cell lysansples, obtained from control cells incubated
with 6AF and subjected to the click reaction, show#icient labeling of a variety of
fucosylated glycoproteins. Most of these proteiecsgs disappeared in samples without click
chemistry or without 6AF incubation, with the extiep of two distinct bands, presumably
corresponding to endogenously biotinylated protéigure 2.2A). These results demonstrate

6AF is successfully incorporated into EGF repeats BSRs and selective detection is achieved.
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Figure 2.1: Structure of 6AF and domain map of theconstructs used A. Structures oL -
fucose and 6AFB. All expression constructs contained an N-termigél signal peptide (red)
and C-terminal Myc-Histags (blue) for detection by Western blot and fpation. Mouse
Notch 1 EGF 1-5 contains thréfucosylated EGF repeats (indicated by yellow shg)dfify and
all three TSRs in Human Thrombospondin 1 TSR 1-8 @sfucosylated®®, while neither
construct contains an N-glycsoylation site. Lun&ti;mge is not predicted to @-fucosylated
and contains onl-glycosylation site at Asn-167
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2.3. 6-Alkynyl fucose is specifically incorporateanto fucosylated glycoproteins

To confirm that 6AF is specific to fucosylation hiih the cell and is not metabolized into
other sugars, we examined whether the 6AF signdtidee eliminated by exceksfucose
(Figure 2.2B). Incorporation of 6AF onto endogenglysoproteins in HEK293T cells decreased
in a dose-dependent fashion as the concentratibAfe¢ose was increased. In contrast,
incubation of control cells with 6AF ardtgalactose had no effect on 6AF incorporation (Fegu
2.2C). These results establish that 6AF is spetijiaitilized by fucosylation pathways within

cells.
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Figure 2.2: 6AF is incorporated into EGF repeats ad TSRs in HEK293T cells. A.
HEK293T cells were either untransfected (Controljransfected with plasmids encoding mN1
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EGF1-5 or hT1 TSR1-3, and incubated with 200 pMapetylated 6AF (6AF) or peracetylated
L-fucose (Fuc) for 3 days. Media and lysates webgested to CUAAC with (+CC) or without (-
CC) azido-biotin. The samples were then subjeae8DS-PAGE and Western blotting using
Streptavidin-HRP and anti-my®. Cell lysates were prepared from untransfected HEHR?2
cells incubated with 160 uM peracetylated 6AF amdaasing amounts &f-Fucose, subjected
to CUAAC with azido-biotin, and analyzed as desmlitabove C. Cell lysates were prepared
from untransfected HEK293T cells incubated with 200 peracetylated 6AF in the presence or
absence of 200 pM.-fucose orD-galactose, subjected to CUAAC with azido-biotimda

analyzed as described above.
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2.4. 6-Alkynyl fucose is incorporated into bothN-linked and O-linked glycans

The results from Figure 2.2 suggest that 6AF isnporated onto EGF repeats and TSRs
as well as a large number of unidentified protamngntransfected cell lysates. As an initial
means of characterizing whether the 6AF is incafsat intoN- or O-linked glycans in the crude
lysates, we took advantage of Pro5 (wild type) becl Chinese hamster ovary cells. Lecl cells
are unable to synthesize comphstinked glycans® and are predicted to have little or no
fucosylated\-glycans'®. To confirm that 6AF is incorporated onto EGF e TSRs, ani-
glycans in this system, we transfected construate@ing mN1 EGF1-5, hT1 TSR1-3, and Lfng
(which contains a single consensus siteNfdinked glycan modification on Asn-167 and no sites
of O-fucosylation (Figure 2.1), into Pro5 cells growrthe presence of 6AF. All three proteins
were detected in the media of transfected Pro5s ¢afiti-myc; red) and incorporated 6AF as
measured by streptavidin (green) in a click cheyidépendent manner (Figure 2.3A). Although
the streptavidin signal for the +CC Lfng is cleaalyove background (-CC), it is much lower
than that for either EGF1-5 or TSR1-3 (Figure 2.38hce Lfng does not contain EGF or TSRs,
we predicted that the 6AF signal on Lfng resulteddf modification of itdN-glycan. To test this,
we performed PNGase F digestion on all three pistétNGase F completely removed the
streptavidin signal (green) from Lfng and causedass shift of several kDa, characteristic of the
loss of anN-glycan, but had no effect on the 6AF signal on EGFor TSR1-3 (Figure 2.3C).
Moreover, when these proteins were expressed ifh telts, 6AF incorporation was lost on
Lfng, but not for EGF1-5 or TSR1-3, consistent withFF incorporation into th&l-glycan on
Lfng (Figure 2.3D).

Comparison of 6AF incorporation into endogenoudgins in Pro5 versus Lecl cells

(Figure 2.3E) revealed that while many proteinslapeled in both CHO cell lines, several are
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lost in Lecl cells. These results indicate that imeaicthe 6AF is incorporated inté-glycans on
proteins in Pro5 cells. The proteins labeled inleells lysates are presumably modified with

6AF on EGF repeats or TSRs, or possibly on mugoe-@-glycans.
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Figure 2.3: 6AF is incorporated into N-glycans foud on Lunatic fringe and numerous proteins in
crude extracts of CHO cellsA. Pro5 cells were transfected with plasmids enapditN1 EGF1-5, hT1
TSR1-3, or Lfng (Figure 2.1) and grown in the preseof 200 uM peracetylated 6AF. Media samples
were subjected to CuAAC with (+ Click Chemistry) without (- Click Chemistry) azido-biotin and
analyzed as described in Materials and Methodgefravas monitored using the anti-myc probe (red),
and biotin using the streptavidin probe (green)ilevinerging of the two channels results in yelld@v.
Bar graph illustrating the intensity (in arbitraupits or AU) of streptavidin signal in EGF 1-5, TSR3,
and Lfng samples, with (+CC) and without (-CC) perfing the click chemistry reaction. The
experiment was performed in triplicate and thept&@din intensity values were normalized to anyiem
intensity values. Paired student t-test was peréor to determine statistical significan€a. Samples
prepared as in A were subjected to PNGase F digests described in Materials and MethoDs.
Plasmids encoding mN1 EGF1-5, hT1 TSR1-3, and iiege transfected into either Pro5 or Lecl cells
in the presence of 200 UM peracetylated 6AF, andiangsamples were analyzed as inEA.Pro5 and
Lecl cells transfected with Lfng were grown in thieesence of 200 uM peracetylated 6AF and cell
lysates were biotinylated and analyzed as in A. /amoteins are labeled in both cell lines, butskgnal

is lost on several proteins in Lecl cells. Thedmtpanel shows an anti-Myc blot for the Lfng-MycsHi

to show that similar amounts of extract were loaideshch lane.
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2.5. 6-Alkynyl fucose is efficiently incorporated ato O-fucose sites on EGF repeats and
does not perturb glycan elongation by Fringe

Although Figure 2.2 demonstrates incorporationAiF énto EGF repeats and TSRs, it
does not address whether the POFUT1 and 2 conssitssigire modified, measure the
efficiency with which the fucose analogue is inargied onto the site, nor determine whether
the presence of the alkyne affects glycan elongaspecifically,O-fucose on EGF repeats can
be elongated by the Fringe family g8-N-acetylglucosaminyltransferases to the disacdbar
GIcNAcB1-3Fucose, and further elongated by other enzymt#setmature tetrasaccharide
Sian2-3-Gap1-4GIcNA®1-3Fué®. To address the incorporation efficiency and mheiree
whether the presence of the alkyne perturbs glgt@mgation beyond th®-fucose on EGF
repeats, we used a mass spectral approach. Theofr@&E is 10 Da greater than that of fucose
(accounting for one additional carbon and a netragtion of two hydrogen atoms, Figure 2.1A)
and thus the mass-to-charge (m/z) ratio will difesed on incorporation of the analogue.

To examine 6AF incorporation and glycan elongatm5 cells were co-transfected
with the plasmids encoding mN1 EGF1-5 and Lfng gravn in the presence of either 6AF or
L-fucose. Lfng elongates ti@fucose beyond a monosacchaffd@he mN1 EGF1-5 protein
was purified from medium, digested with trypsingddhe resulting glycopeptides were subjected
to nano-LC-MS/MS. Mass spectra of a tryptic glyqatee containing the consensus site@r
fucosylation from EGF3 of mN1 EGF1-5 show ions & of 866.4, 968.0, and 1048.7 (Figure
2.4A; top panel). These ions correspond to theipted masses of doubly-charged forms of the
mono-, di-, and trisaccharide glycoforms of thiptode with natural fucose (note that the
tetrasaccharide form of this glycopeptide is natestsed under these conditions). The MS/MS

spectra of each glycoform (bottom panels) reveaktdguential neutral losses of the modifying
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glycans as well as several “b” and “y” ions confimgnthe identity of the peptide. Mass spectra
of the same glycopeptide obtained from a samplemgéed with 6AF show ions at m/z of 871.5,
972.9, and 1054.1, which correspond to the abowesesaplus five mass units (Figure 2.4B). An
m/z difference of 5 in the 2+ charged state is test with incorporation of 6AF on the peptide
containing theD-fucosylation site of EGF3. Fragmentation of ealgicgform (Figure 2.4B,
bottom panels) shows that the extra mass is |dkeaappropriate position for the fucose.
Surprisingly, very little glycopeptide with m/z eesponding to fucose (e.g. at 866.4, 968.0, or
1048.7) is observed in the MS spectra from the $asrgenerated with 6AF.

To evaluate the relative amounts of each glycoforthese samples, we performed a
semiquantitative mass spectral analysis. Extraced€hromatograms (EIC) were generated for
each glycoform of the EGF3 peptide present in #m@es, searching for fucose or 6AF forms
using the corresponding masses as determined umdsi@.4A and 2.4B (Figure 2.4C
Monosaccharide glycoform; Figure 2.4D Disacchagtyeoform; Figure 2.4E Trisaccharide
glycoform). As expected, only the fucose form @ glycopeptides was found in the samples
prepared in the presenceloffucose, while the 6AF form of each glycopeptides\itze
predominant signal detected in the 6AF sampless& hesults indicate that 6AF is incorporated
at very high efficiencies onto tl@fucose site of EGF repeat 3 under these conditemd that

elongation by Fringe is not affected by 6AF.
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Figure 2.4: 6AF is efficiently incorporated into the O-fucosylation site in EGF3 of mouse
Notchl and elongated by LfngA. Pro5 cells were co-transfected with plasmids dmgpmN1
EGF1-5 and Lfng grown in the presence of 200 puMapetylated_-fucose. mN1 EGF1-5 was
purified from the medium, digested with trypsindasubjected to nano-LC-MS/MS analysis as
described in Materials and Methods. MS (top paaely MS/MS (lower panels) spectra of a
peptide from EGF3 containing tii&fucose consensus sequence (represented by aagjayl be
ions at m/z 866.4, 968.0, and 1048.7 corresporttdaloubly charged forms of the mono-, di-,
and trisaccharide glycoforms of this peptide. Th8/MS spectra of each glycoform shows loss
of the modifying glycans to the unglycosylated foohthe peptide (m/z 793.2), as well as
several “b” and “y” fragmentation ions (indicatedred).B. mN1 EGF1-5 was prepared as in A
except that the cells were grown in 200 uM perdattg 6AF. MS (top panel) and MS/MS
(lower panels) spectra of the same peptide from BGFhe ions at m/z 871.5, 972.9, and 1054.1
correspond to the doubly charged forms of the modie; and trisaccharide glycoforms of this
peptide with 6AF. These masses closely match tpea®d increase of m/z of 5 as compared to
theL-fuc samples, as the peptides are in the 2+ clstage and as 6AF is 10 Da heavier than
fucose. The MS/MS spectra confirm loss of the mond glycans to the unglycosylated form of
the peptide (m/z 793.2), and show several “b” ayidragmentation ions (in red). Extracted lon
Chromatograms (EIC) for samples obtained from daltsibated inL-fucose (+-Fuc) and for
samples obtained from cells incubated in 6AF (+646) the monosaccharide glycoforr@)(
the disaccharide glycofornD}, and the trisaccharide glycoform)(of the peptide from EGF3.
Gray rectangle, peptide; red triangle, fucose; trexhgle with *, 6AF; blue square, GIcNAc;
yellow circle, galactose.
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2.6. 6-Alkynyl fucose is efficiently incorporated ato O-fucose sites on TSRs and can be
readily elongated to the disaccharide form

As with the incorporation of 6AF onto EGF repeats,examined the efficiency of 6AF
incorporation onto the glycopeptide containing @&icosylation site from TSR2 of TSR 1-3,
and whether th@3-glucosyltransferase responsible for elonga@digicose on TSRs tolerates
the analogue. Figure 2.5A shows an MS spectrump#@mel) of the tryptic glycopeptide
containing the consensus site @fucosylation of TSR 2, obtained from a sample gateelin
HEK?293T cells incubated ib-fucose. The MS spectra contain an ion at m/Z38t B,
corresponding to the quadruply charged form ofgligeopeptide bearing the disaccharide
Glcp1-3Fuc. The MS/MS spectra (Figure 2.5A, bottom pandicate ions at m/z 893.2 and
856.8, corresponding respectively to the monosam#and unmodified forms of the peptide.
We observed a similar MS spectrum, obtained frasamaple generated as described above, but
from cells cultured with 6AF (Figure 2.5B). The MBectrum shows a peak at 936.1, which
closely corresponds to the mass of the glycopepiiddyzed in Figure 2.5A plus 2.5 mass units.
An m/z difference of 2.5 in the quadruply chargedesis consistent with the incorporation of
6AF in place ol -fucose into the peptide containing @€ucosylation site from TSR 2.
Fragmentation of the glycopeptide (Figure 2.5Btdrtpanel) demonstrates that the extra mass
is lost at the appropriate position for the fucadge EIC for the 6AF sample shows that the
glycopeptide containing 6AF was the principal fadetected (Figure 2.5C). These results reveal
that 6AF is efficiently incorporated into tiifucosylation site of TSR2, and demonstrate that

6AF can be efficiently elongated by tB8-glucosyltransferase.
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Figure 2.5: 6AF is efficiently incorporated into TR2 of Thromospondinl and elongated by
p3-glucosyltransferase A. Pro5 cells were transfected with the plasmid emgptdTl TSR1-3
and grown in the presence of 200 uM peracetylatedse. hT1 TSR1-3 was purified from the
medium, digested with trypsin, and subjected toora@-MS/MS analysis as described in
Materials and Methods. MS (top panel) and MS/MSttfiro panel) spectra of a peptide from
TSR 2 containing th®©-fucose consensus sequence (represented by grayTharion at m/z
933.7 corresponds to the quadruply charged forrthisf peptide modified with th©-fucose
disaccharide. The MS/MS spectra indicate loss a thodifying glycans, first to the
monosaccharide form (m/z 893.2), and then to thglyensylated form of the peptide, (m/z
856.8). Several “b” and "y’ fragmentation ions coming the identity of the peptide are also
indicated in blackB. hT1 TSR1-3 was prepared as in A except that the were grown in the
presence of 200 UM peracetylated 6AF. MS (top paaredl MS/MS (bottom panel) spectra of
the same peptide from TSR 2 is shown. The ion at 936.1 corresponds to the quadruply
charged form of this peptide modified with tBe6AF disaccharide. The MS/MS spectra indicate
sequential loss of glycans, first to the monosacdbam/z 895.8) and then to the unmodified
form (m/z 856.6). These masses closely match thea®d increase of m/z of 2.5, as compared
to theL -fucose labeled sample, as the peptides are idtheharge state and as 6AF is 10 Da
heavier tharlL-fucose. Several “b” and “y” ions are also indichte black.C. EIC for sample
obtained from cells incubated ih-fucose (t-Fuc) and for sample obtained from cells
incubated in 6AF (+6AF), for the disaccharide gligean of TSR 2. Gray rectangle, peptide; red
triangle, fucose; red triangle with *, 6AF; blueate, glucose.
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2.7. Discussion and Conclusions

Here we demonstrated that 6AF is efficiently inavgted into EGF repeats, TSRs,Nin
glycan on Lfng, andN-glycans on a number of proteins in crude lysatéSHO cells. 6AF is
incorporated onto the predict@dfucosylation sites of the EGF repeats and TSR nagtabolic
labeling at the concentrations used (200 uM) léadmsghly efficient incorporation. Glycan
elongation of th&@-fucose on either EGF repeats or TSRs does nobappbe affected by the
presence of 6AF. 6AF can also be incorporated th&dl-linked glycan of Lfng, though
apparently with less efficiency as compared to@Hecosylation of EGF repeats and TSRs.
Based on these results, 6AF appears to be wethtel by POFUT1, POFUTZ2, Lunatic fringe
andp3-glucosyltransferase during biosynthesi©efucose glycans on EGF repeats and TSRs.
These data suggest that 6AF is a non-perturbingrthiogonal analogue to-fucose for the
study ofO-fucosylation.

The mass spectral data provide strong evidencegppast of 6AF incorporation into the
correctO-fucosylation sites of EGF3 and TSR2, as indicétgthe increased mass of 10 Da
(reflected by an increased m/z of 5 for the EGH&tide in the doubly charged state and an
increased m/z of 2.5 for the TSR2 peptide in thedguply charged state), versus the same
peptides with_-fucose instead. Interestingly, virtually all oetglycopeptides incorporated 6AF
at the concentration we used for metabolic labglgti puM). Normally, the fucose salvage
pathway is believed to account for less than 10%hefucose incorporated into proteins in cells
197 The nearly stoichiometric incorporation of 6ARaintheO-fucose sites of EGF repeats and
TSRs indicates that a concentration of 200 uM 6&uifficient to shift almost all GDP-fucose
production from thele novgpathway to the salvage pathway, as has been sedgdsewhere

198 These results also suggest that POFUT1 and PORUIE2 GDP-6AF quite efficiently.
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While no crystal structure of GDP-6AF bound to theazymes exists, the data suggest that the
alkynyl group does not sterically inhibit bindinftbe nucleotide sugar to the enzyme active
site. The recently published structures for POFrdfn C. eleganeand human POFUT2 in
complex with GDP-fucose suggest that there is cefit space in the active site for the alkyne
group>'%® Future structural studies on both of these ensysheuld help us to better understand
how GDP-6AF binds to the enzyme active sites.

In contrast to the EGF repeats and TSRs, inconporaf 6AF into N-glycans appears to
be sub-stoichiometric under the conditions usetiisistudy. The data in Figure 2.3A clearly
demonstrates some incorporation of 6AF into thelydamn on Lfng, albeit much lower than its
incorporation into th®-fucose sites of EGF or TSR repeats (Figure 2.3Bgre are several
potential explanations for this observation. passible that only a small fraction of tNdinked
glycan on Lfng is normally fucosylated. So thateevf 6AF was incorporated at high efficiency,
the signal detected by Western blot would be duite Alternatively, fucosylation of thil-
linked glycan may occur with high frequency, butFei#self might be a poorly tolerated
substrate for the appropriate fucosyltransferasellly, the fucose on thid-glycan may be less
accessible for biotinylation during the click raant Interestingly, there is a slight difference i
the streptavidin intensity between normalize amswhthe EGF repeats and TSRs (Figure
2.3B), even though the mass spectral analysis stw$AF is incorporated at high
stoichiometries on both (Figures 2.4 and 2.5). Bhiggests that there may be a slight difference
in the reactivity of the 6AF on EGF repeats ver§8&s during the click reaction.

In observing the crude lysates of Pro5 and Lecs ¢Elgure 2.3E), several protein
species appear in the Pro5 cell lysates but nitteinLecl cell lysates, presumably because they

bear fucosylated complex-typelinked glycans, which would not be expected to yrglsesized
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in Lecl cells. Exhaustive genomic sequencing of Gid{Dlines conducted by Xu and coworkers
indicates that the majd-glycan modifying fucosyltransferase found to beresped in CHO
cells is FUT8. Assuming this is the case, our results suggesBiliF is utilized by FUTS,
although we cannot yet comment on how efficieritig used.

Building on the reports that GDP-6AF is toleratgdT2-FUT7 and FUT9, we can
now add POFUT1, POFUTZ2, and most likely FUT8 (tHopgssibly with a lower efficiency) to
the growing list of fucosyltransferases that calizet6AF. This observation raises the prospect
of using 6AF as a means to track fucosylation myaiad of settings. A recent study used 6AF,
after genetically engineering the cells, in a ppate study to identify proteins modified d#
glycans by FUTZ®%. Similar studies could be done to identify progeinodified with several
other fucosyltransferases. Because 6AF does maaapo interfere with removal di-glycans
by PNGase F (Figure 2.3), proteins modified viNthinked versugD-linked 6AF modified
glycans could be separated prior to analysis. 6&fe a powerful tool in tracking fucosylation,
but the very versatility and non-perturbing natof¢he fucose analogue also demands that
caution be exercised in its use. Particularly, imggtudies that utilize 6AF must consider the
possibility that the fucose analogue will modifyariety of acceptor substrates, perhaps at
different levels of efficiency based on the pafacducosyltransferase involved, impacting the
conclusions that can be drawn from such an expatinevertheless, the potential uses of all
sugar analogues and 6AF in particular, are vastalhtikely continue to play a critical role in

glycobiology research for the foreseeable future.
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2.8. Materials and methods
Production of mouse Notch 1 EGF 1-5, human TSRah@& human Lunatic Fringe constructs

The construct for mouse Notch 1 EGF repeats 1<$geaerated as described
previously>* The construct for human TSR 1-3 was generateddnjifying the procedure M to
include the cDNA sequence encoding TSP1-TSR1-2adsvf TSR3. Successful cloning was
confirmed by direct DNA sequencing. The mouse Lierfatinge construct was generated as
described previousf8#* All constructs were made in pSecTag2/Hygro C we@twitrogen (Life
Technologies), Grand Island, NY), which is desigf@cigh-level expression and protein
secretion. The vector contains ar tthain leader sequence for protein secretion, dsaw€-
terminal myc epitope and 6-histidine residues,jdaradetection and purification.
Cell Culture, Metabolic Labeling, and Protein Expséon

Pro5 and Lecl Chinese Hamster Ovary (CHO) celle\weswn inaMEM with 10%
fetal calf serum (FCS), while Human Embryonic Kigr{elEK293T) cells were grown in
DMEM with 10% FCS. Transfections were performe8&@d confluence with either pSecTag
mNotch 1 EGF 1-5, pSecTag hTSP1 TSR1-3, or pSettiagtic Fringe (Lfng). Briefly, qug of
plasmid was suspended in 600 0.15M NaCl followed by addition of 3L PEI transfection
reagent, vortexed, and incubated for 10 minutesah temperature. The transfection mixture
was added to cells on 100 mm plates, incubate@at fdr 4 hours, media removed, and cells
were washed once with 2.5 mL Tris-buffered salifi8g). Control cells were incubated
overnight in 10 mL otMEM or DMEM, 10% FCS, followed by 72 hours in 5 mEOptiMEM
(GIBCO (Life Technologies), Grand Island, NY), whixperimental cells were additionally
supplemented with 200M peracetylated 6-alkynyl fucose (6AF) as previguscribed.

Detection of Glycoproteins in Cell Lysate/Media
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Media was collected and cells, washed twice in TB&g lysed in 1 mL of chilled lysis
buffer as described (1% Nonidet P-40, 150 mM N&@dtease inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN), 100 mM sodium pHueie, pH 7.5 Cell lysates were
incubated on ice and vortexed briefly every fivenmes for 30 minutes. Lysates were
centrifuged at 14,000 g for 10 minutes at“ and the pellet discarded. Click reactions were
performed as describ¥bn both the labeled media and labeled cell lygatag glycoproteins
containing 6AF with Biotin (0.1 mM Azido-Biotin (@k Chemistry Tools, Scottsdale, AZ), 0.1
mM tris-(benzyltriazolylmethyl)amine catalyst (A®pec, Fremont, CA), 1 mM copper sulfate,
2 mM sodium ascorbate, in PBS, at room temperdturene hour).

Tagged cell lysate and media were analyzed by inofloh. Samples from media and
lysates were separated by 10% SDS-PAGE transfeaneitiocellulose paper (BioRad,
Hercules, CA) and probed with 9E&&Myc (1:1000 in PBST), followed by Alexa Fluor 680
Goat Anti-Mouse IgG (Invitrogen (Life Technologie§rand Island, NY) or HRP-conjugated
Goat Anti-Mouse IgG (Jackson ImmunoResearch, West&; PA) to detect the transfected
proteins. To visualize biotinylated glycoproteitegged media and cell lysate samples were
separated by 10% SDS-PAGE, transferred to nitrolosleé membrane, and probed with
IRDye800 (Rockland Immunochemicals, Glibertsvil) Br Streptavidin-conjugated-
peroxidase (1:20,000 in PBST) (Thermo ScientifiocKord, IL). Western blots using
fluorescent probes (Alexa Fluor 680 or IRDye800jewasualized using an Odyssey Imager
(LI-COR, Lincoln, NE), while western blots with meiidase conjugated probes were detected by
enhanced chemiluminescence (ECL) blotting subsffdtermo Scientific, Rockford, IL) and
film development.

Specificity/Competition experiments
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HEK293T cells were grown to 50% confluency in DMEM% FCS, 1%
penicillin/streptomycin. Cells were washed one timth 5 mL TBS and resuspended in
optimum MEM media supplemented with (0, 8, 16,8®,160) uML-fucose and 160 uM
peracetylated 6AF or 200 uM galactose and 200 pfdoetylated 6AF. After 72 hours at 32
and 5 % CQcells were lysed, biotinylated via click chemistand 1 pug per lane was resolved
using SDS-PAGE and Western Blotting as describedalProtein concentration was quantified
using the BCA protein assay with BSA as standate(o Scientific, Rockford, IL).
Enzymatic cleavage of N-linked glyans by PNGase F

PNGase F digestion was performed as previouslgritesi °® Briefly, protein from
media samples was precipitated in 8 volumes obaeeht -20° C overnight. The precipitated
proteins were collected by centrifugation at 10,0Q4 4°C for 15 minutes. The protein pellet
was resuspended in 25 pL of 1% SDS, ftaercaptoethanol by boiling for 5 minutes. After
cooling, 225 pL of 50 mM Tris-HCI (pH 8.6), 0.7% hidet P-40, and Protease inhibitor
cocktail (1 Protease inhibitor tablet per 10 mlbaffer) was added. Samples were digested with
5 U of PNGase F (produced in-house) for at leagttdiours at 37°C.

Glycan analysis via nano-LC-MS/MS

Media from transiently transfected pSecTag Not&GF1-5 (and co-transfected with
pSecTag Lfng, in a 2:1 ratio) Pro5 CHO cells or@i&em hTSP1 TSR1-3 HEK293T cells
supplemented with either 6AF brfucose (above) was collected after 72 hours, baar®*-
NTA, washed with 5 mL TBS containing 0.5M NaCl af@mM Imidazole, 5 mL cold RIPA
buffer, and eluted with TBS containing 250 mM Inadke. Protein concentration and purity
were assessed by SDS/PAGE and Coomassie Brilliaet(hermo Scientific, Rockford, IL)

along BSA standards. Approximatelyuy EGF1-5 or TSR1-3 was acetone precipitated with
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four volumes acetone, vortexed, and frozen &tC8@vernight. Precipitated protein was
reduced, alkylated, and typsinized, followed bylgsia by nano-LC-MS/MS using a Zorbax
300SB-C18 nano-CHIP on an Agilent model 6340 iap tmass spectrometer using collision-

induced dissociation (CID) as previously descritiéd.
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Chapter 3: Towards Identifying the O-Fucome
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3.1. Introduction

Following the identification and verification ofd@kynylfucose (6AF) as a bioorthogonal
analog forO-fucosylation of the targets of Protein O-Fucosylsfarase 1 and 2 (POFUT 1 and
2), namely Epidermal Growth Factor-like (EGF) rdgeend Thrombospondin Type-1 repeats
(TSRs) (Chapter 2), the next logical step was ®6AF in a proteomics protocol, to elucidate
all targets ofO-fucosylation in a given system, such as proteareegated in a plate of HEK293T
cells. Media of HEK293T cell plates would be cdrmmtied with an appropriate concentration of
peracetylated 6AF, which would then be taken adtus€ell membrane, converted to 6AF by
nonspecific esterases, and incorporated onto targétins using the same cellular machinery
responsible foO-fucosylation. After an appropriate time optimiZed maximum incorporation
of the 6AF, the cells would then be lysed and sttlifethe copper catalyzed azide-alkyne
cycloaddition (“click”) reaction, by reacting thé&kgne group in 6AF with the azide group of
azido-biotin, effectively biotinylating alD-fucosylated proteins. The biotinylated proteins
would then be selectively enriched by passage stveptavidin beads, taking advantage of the
strong interaction between biotin and avidin (oetavidin) to capture biotinylated proteins on
the beads while washing away all other proteinextNthe proteins were either captured by the
streptavidin beads and subjected directly to pesehgestion or the proteins would first be
eluted from the streptavidin beads and then theng¢lsubjected to protease digestion. In either
case, the peptides generated would then be fustbeessed according to established protocols
for mass spectrometry samples and subject to ligaidmatography / electrospray ionization
mass spectrometry (LC/ESI-MS), and the ions geadredmpared to a database of all human
proteins, in order to identify presumalidyfucosylated proteins. As the ensuing pages will

demonstrate, in “proof-of-concept” experiments vehEK293T cells are transfected with and
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overexpress proteins that are known target©ffucosylation, we are able to selectively purify
and identify the overexpressed protein in cellated with 6AF but not in untreated control cells.
However, we have been unable to identify any endoggly expressing targets Of

fucosylation, presumably because the portion ob$ytated protein in a given plate of
HEK?293T cells is too low, and it would be technigals well as monetarily unfeasible to
generate a large enough supply of treated HEK2@8% © enable identification @-

fucosylated proteins by this method.

47



3.2. Proof-of-concept experiments — HEK293T cellsansfected with mN1 EGF1-5 and
hTSP TSR1-3

One plate of HEK293T cells transfected with mN1 B&HFigure 2.1) with no added
sugar analog, as well as an equivalent plate of 28 cells transfected with mN1 EGF1-5 but
with 200 UM 6AF, were generated. Media sampldy imcthe overexpressed EGF1-5, was
collected from each plate and subjected to thelfead digestion” proteomics method #1 with
trypsin. The generated peptides were then sutgdesI-MS, and the predominant peaks in the
analysis were compared to arsilico trypsin digest of the mouse genome, using the GPM
database.

As expected, the GPM database search of the maahple generated from cells not
conditioned with 6AF did not generate any matcloeshe overexpressed mouse Notch 1 protein
(Figure 3.1A). This is because the proteins tekatith 6AF are not expected to be biotinylated,
and thus are not captured by the streptavidin be@ts results for that sample did indicate a
large number of hits for a variety of “keratinsihribus structural proteins that are the major
component of human skin and hair, indicating tlaangle handling issues may have generated
contamination of the sample. Other proteins detkutere either the result of non-specific
association of proteins with the streptavidin be@ta-casein) or of the protease that was added
for the digestion of the protein (trypsin).

The GPM database search of the media sample gedédrain cells conditioned with
6AF did generate the expected match for the oveessed mouse Notch 1 protein (Figure
3.1B), which is highlighted with a red arrow. Whibnly 3% of the entire mouse Notch 1
protein structure was identified in the tryptic el in the sample, it is important to note that the

GPM search considered the entire structure of thesen Notch 1 protein, containing 2531 amino
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acids, whereas only the portion containing EGFwaS overexpressed in the sample. The EGF
1-5 portion consists of only 200 amino acids (anmanmls 20-217), of which three peptides
containing 42 amino acids were detected (Figur€B.Thus, 42/200, or 21% of the
overexpressed protein was detected. The seamheadsaled hits for keratins and trypsin
similar to the non-6AF treated sample, as well agraber of presumably non-specifically
bound proteins (transferrin and serum albumin) Wiaie not predicted to be fucosylated

proteins.
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Figure 3.1: GPM database search results for HEK29B media samples overexpressin
mN1l EGF 1-5. A. Results for sample not incubated in 6AF indicno matches to the
overexpressed Notch protein fragment. A large remol keratins, as well as trypsin and a-
specifically bound protein are also identifiB. Results for sample incubated in 200 uM 6.
The search result indicates a match for Notcn the tested sample (indicated by red arrows
large number of keratin proteins as well as predynaor-specifically bound protein
(transferrin and serum albumin) are also identifC. The amino acid sequence for EG-5
(amino acids 20-217) witkthree peptides (highlighted in red) that were detéén the GPN
database search.

The same experiment was attempted in HEK293T oglsexpressing hTSP1 TSI-3,
with or without 200 uM 6AF. The experiment yieldsichilar results, in that the GPM dbase
search on the sample from cellghout 6AF did not indicate any matches to the overexee
hTSP1 protein, whereas the GPM search on the sdrophecells incubated in 6AF resulted i
match to hTSP1 protein (Figure 3.2A and 3.2B).with the anlysis for mN1 EGF -5, the
GPM database search’s sequence coverage matcimiagreds% in this case) underestime
the true sequence coverage, as only 169 amino @siuso acids 37-547) out of the total 117
amino acids of hTSP1 are expressed irTSR13 plasmid. The true sequence coverage is (
out 0f169 amino acids, approximately 32% of thaliand these amino acids are highlighte
red in Figure 3.2C. Also similar to the mN1 EC-5 experiment, a large number of keratins

nonspecifially bound proteins were detected in all sam
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Figure 3.2: GPM database search results for HEK29B media samples overexpressin
hTSP1 TSR 1-3.A. Results for sample not incubated in 6AF doesimditate any matches
the overexpressed TSP1 protéiagment. A large number of keratins, as weltrggsin and ¢
non-sspecifically bound protein are also identifieB. Results for sample incubated in 200 |
6AF. The search result indicates a match for thimspbndin 1 in the tested sample (indicate
red arrows). A large number of keratin proteinsval as presumably n-specifically bounc
proteins (transferrin and serum albumin) are atkmiified. C. The amino acid sequence -
TSR 1-3 (amino acids 3747) with two peptides (highlighted in 1) that were detected in tl
GPM database search.
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3.3. Proof-of-concept experiments — HEK293T cellsansfected with ADAMTSL1 TSR1-4

While the results above did confirm that mN1 EGF4R8 hTSP1 TSR 1-3 can be
selectively detected only in samples from cellated with 6AF, the proteomics protocol had
much room for improvement, particularly in elimimat non-specifically bound proteins during
the wash steps, as well as emphasizing greateircaeenple handling to reduce or eliminate
keratin hits. As a result, changes in the protdcahstitute more extensive washing, specifically
by increasing the number of washes from five tg iecreasing the wash volume from 1 mL to
10 mL, and using more stringent wash buffers (tkdan “methods” section) were attempted.
Moreover, altering the choice of overexpressedgandtom mN1 EGF1-5 or hTSP1 TSR1-3 to
a larger fragment from a different protein, ADAMTBILSR1-4, would be useful in increasing
the “score” of the GPM hit generated, as well asaslhobustness of the proteomics protocol for
an additional target protein. All of these changese incorporated to the “on-bead digestion”
proteomics method #2 (Section 3.9), which was tsethalyze HEK293T samples transfected
with ADAMTSL1 TSR1-4, -/+ 6AF.

As anticipated, the GPM database search on théA&ntreated cells gave no hits for the
overexpressed ADAMTSL1 fragment (Figure 3.3A). tidyangly, the only protein detected was
trypsin, the protease that is exogenously addeddar to carry out the protease digestion, and
the presence of keratins and non-specifically bqumoteins was completely eliminated.

The GPM database search on the 6AF-treated @alks g convincing hit for the
overexpressed ADAMTSL1 TSR 1-4 (Figure 3.3B). Te¢ection of 9% of the ADAMTSL1
protein’s peptides in the sample is an underes@irafithe total percentage of the overexpressed
fragment detected, as the GPM search is perfornibdr@spect to the entire ADAMTSL1

protein, not the shorter ADATMSL1 TSR1-4 fragmesed in the experiment. In fact, 106 out
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of the total 551 amino acids (amino acid-584) of ADAMTSL1 expressed, or just over 19
were detected (Figure 3.3C). The GPM databaselsatsc revealed a weak hit for one ker:

is as well ashe expected match for tryps

2 -6.2 6.22 1.7/3 1

[0
s
]
"
>
i
o
e
iy
(]
o
[y

T;vaIn;_EC 3.4.51.4; Flags: Precursor

C 1 meccrratpgtlllflaflllssrt arseedrdglvdav Cfsecsrucgggasiqlrrc €0

£1
121
PEYLNCETROYIEST.NMOT SCT.CATVEORHOT.CaTUVERRNOSUCNES
181 atksddtvvaipygsrhirlvlkgpdhlyletktlggtkgens 240
ATRSDDTVVATIPYGSR GPDHLYLETRTLQGTE
221 Lfrdkailrmanrcleadfivhirnecsadetvafifon hr 200
24 kfpdkeilmagpltadfivkirnsgsadstvgfifygpiihs 300
MAGPLTADFIVE "NSGSADSTVQFIFYQPIIHR
301 wretdffpcsa bcggqul"saec;dlrsnrvvadqyc.ﬂ rypenikpkpklgecnldpep 360
AT i n -l DEMNTEDEDRET "TE\",FDAU
i Fhdl e et dd e e B ek e AN AN bk el A TRV

361 asdgykgimpydl; v‘J.*"rwea‘:.pwt,acsv35c:g'ggJ.qs.1:av5'xcve.e:i:i_qg"t'<:r‘:.sveewkc 420

ASDGYRQIMPYDLYHPLPRWEATPWTACSSSCGGGIQ "".?—-"QE"""‘DIQ’“ HVTSVEEWRC

421 myupmplaqpcnlfdcp»..\'laqe:\'spcuducgqglr rrvvlcidhrgmhtggespktkp 480
MYTPRMPIAQPENIFDEPRWLAQEWS PRTVIEGQGLR  # VVLCIDHRGMHTGGCSPKTKE

481 hikeecivptpcy npRe:;lpveakl'oﬂfkqaqeleegaavseeps ipeawsactvtcgv 540
HIRKEECIV 495 LPVEAR

Figure 3.3: GPM database search results for HEK293Tmedia samples overexpressin
ADAMTSL1 TSR1-4. A. Results for sample not incubated in 6AF do notdath any matche
to the overexpressed ADAMTSL1 protein fragmeB. Results for sample incubated in 200 |
6AF. The search result indicates a match for ADAI-like 1 in the tested sample as the ir
hit. C. The amino acid sequence for ADAMTSL1 TS-4 (amino acids 2-584) with six
peptides (highlighted in red) that weletected in the GPM database search.
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3.4. Detection of endogenously expressO-fucosylated proteins

Encouraged by the prooff-concept experiments, the next logical step wasiédyae the
cell lysates of HEK293T cells, which endogenousi{gress many piteins which are labele
with 6AF (Figure 2.2A), to determine whether angtpin targets cO-fucosylation could b
selectively detected in these cells after 6AF laigel

A representative database search result of samgptesyated from HEK293T cellsates
not incubated in 6AF using the “-bead digestion” proteomics method &ction 3.€ shows,
as would be expected, that no predicO-fucosylated proteins are detected (Figure 3.4
Unfortunately, a representative database seardalt fesm an euivalent sample that
incubated in 200 uM 6AF is similarly devoid of gonptein that is predicted to IO-fucosylated
(Figure 3.4B). The experiment was carried out emerous occasions with slight variations
the number or volume of washes in thoteomics protocol, the type and volume of streplian
beads used, and other such optimizations, butiefi experiments have generated results

similar to the representative figures u:

Endogenous HEK293T cell lysate

TanK  I0giE] 10g(i) 7o 7 7 totai mr

1 2.2 5.05 2.0/5 1y 1 420

-13 6.56 3.0/4 1 2, 244 ep

Brank log(e) log(l) %% # total Mr Accession
1 -10.8 5.22 3.1/5 2y 2y 66.0

4 (x6) Keratin 11
3 Prefoldin
-1.7 5.85 3.0/4 1 1 244 sp|TRYP_PIG| gpmOB | psyt | snap [43451/84218) protein
Trypsin; EC 3.4.21.4; Flags: Precursor;

Figure 3.4: Representative GPM database search rdssifor HEK293T cell lysate samples
A. Search result for untransfected HEK293T cell lysat® incubated with 6AF.B. Search
result for untransfected HEK293T cell lysate indedawith 200 uM 6AF. N O-fucosylated
proteins are detected.
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3.5. “Off-bead” proteomics protoco

Undiscouragetby the inability to purify and detect endogenoustpresseO-
fucosylated proteind,next focused my efforts «improving the yield of the proteomit
protocol. Changes in the amount and type of sakegih beads usy, as well as the amount a
volume of washegyad little or no impact on GPM database searcHteg|o attention turned-
the “onbead” digestion step. Backed by informal discussiat conferences and lectures,
hypothesized that protease digestif captured proteins on streptavidin beads ma
inefficient and responsible for sample loss. Reagg that the sample loss might
acceptable where cells were intentionally overesged with a protein target fO-fucosylation
but perhaps catastroighin attempting to identify the far lower amounfsendogenousl
expresse®-fucosylated protein, we set out on creating an-bead” proteomics protocol, usil
strategies where the captured proteins were fus¢@ or disassociated from the strerdin
beads, before being subjectedorotease digestion. Two methods we attempted the “thio-
cleavable linker” and “acidleavable linker” elution strategi

The thiolcleavable linker strategy involved using an a-biotin with an &S linker

between the azide

)
Iz
X

Figure 3.5: Structure of thiol-cleavable azid«biotin.
and biotin groups. After the click reactitargeting 6 AFeontaining proteins with the modifie
azidobiotin (Figure 3.5), streptavidin beencubation, and extensive washibg potein is then

eluted from thestreptavidin beads by cleavithe linker by reducing the S-S 48H HS- with
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TCEP. The eluted protein can then be suedto protease digestion and mass spectrom
Unfortunately, as the representative databaselse for the thiolcleavable linker stratec
demonstratedho relevant proteins were detected in eithe-/+6AF HEK293T cell lysat:

samples (Figure 3.6A and 3.6

snap [141€/2615] homo (2/2) protein

Monocyvte diff Az CD14

snap [43451/84218] protein

Figure 3.6: Representative GPM database search rdssifor HEK293T lysate sample using
the “thiol- cleavable” strategy proteomics protocol. ASearch result for HEK293T cell lyse
sample not incubated in 6AB. Search result for HEK293T cell lysate sdenjmcubated in 20
UM 6AF. NoO-fucosylated protein targets are detec

Part of the difficulty in using a thi-cleavable linker is that our proteomics metl
requires the extensive reduction and alkylatioeashples prior to protease digesti
paticularly as the known targets of fucosylation, E@peats and TSRs, are small
extensively folded domains that are unlikely tosigmificantly digested without efficiel
reduction and alkylation. We were careful in tletpcol to avoid adding aneducing ager
prematurely, but nevertheless it was difficult tdett whether the thi-cleavable probe we
incorporated at all, because Western blots unafrcieg conditions would cause cleavage of
thiol-cleavable probe and Western blots underreducing conditions for cell lysate samp
were notoriously of poor quality and inconclusivés such, an alternative method for eluting

captured protein through an agitbavable probe (Figure 3.7) was pursued. Thidavbave the
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added benefit dbeing able to track capture of tO-fucosylated protein on streptavidin beads

Western blot, prior to protease digestion and rspsstrometry workuy

Azido-azo-biotin

» ,‘n.. ‘.
N N H H &
N\/\O/\vo\/‘\of‘\.v“.v.-' P N

(o]

Figure 3.7: Azido-azobiotin, the “acid-cleavable linker”

In pursuing the acidieavable linkeelution strategy, we decided to first test
incorporation of the acidleavable linker by using media from HEK293T ceN&rexpressin
hTSP TSR13 (Figure 3.8A). The left lane represents samq@mfcells nc incubated with 6AF
while the right laneepresents sample incubated in 50 uM 6AF. Both &zswpere “clicked’
with the acideleavable linker azic-biotin. The myc tag expressed on the hTSP 1-3
construct allows identification of the overexpraspeotein, which is present in both samg
(red), while a fluorescent streptavidin antibody (greeetects biotin, which allows for dire
detection of the acidleavable linker. As Figure 3.8A demonstrates dtie-cleavable linke
azidobiotin is successfully incorporated in the mediagke obtaned from cells treated wil
6AF.

Next, we wanted to test our ability to elute bigtated 6AF-modified proteins (hTS
TSR13) captured on streptavidin beads, using 50 mMwodlithionite. As Figure 3.8
demonstrates, mock elution with water is not essful in eluting the hTSP TS-3, which
remains almost exclusively bound to the streptavMiiads. By contrast, eluting with 50 n
sodium dithionite results in virtually complete @l@ge of the linker (loss of green signal) .

with the majority of thdn TSP TSR -3 protein eluted from the streptavidin beads imtoitson.
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Figure 3.8: Incorporation and elution of acid-cleavable azido-biotin m media samples o
HEK293T cells overexpressing hTSP1 TSF-3, -/+6AF. A. Acid-cleavable azic-biotin is
successfully and exclusively incorporated onto hTIBR-3 from cells treated with 50 pl
6AF. B. Mock cleavage of ac-cleavable aziddiotin with water does not cleave the link
resulting in the vast majority of hTSP1 R1-3 being retained on the streptavidin bee
Cleavage with 50 mM of sodium dithionite, howewvesults in complete cleavage of the link
as evidenced by the absence of green signal. Merethe majority of the hTSP TS-3
protein is eluted from #hstreptavidin beads into the supernatant. Reif-myc antibody use
to detect hTSP TSR3: Green: IRDye800 Streptavidin probe used to debémtin; Yellow:
Overlay of red and yellow signe

Having demonstrated the incorporation of the -cleavable aziddiotin and its cleavag
with sodium dithionite resulting in 6/~-modified proteins being eluted from streptavidirads
into the supernatant, we tested this strategy ta ‘Giyootof-concept” experiment, attempting
detect by GPM search an ovepeassed protein (i.e. hnTSP1 T<-3); a feat we were able
accomplish with the “ofbead” digestion method. Unfortunately, the GPM&ean HEK293T
media transfected with hTSP1 TS-3 and incubated with 6AF failed to detect any &f
overexpressed pratefollowing the proteomics protocol (Figure 3.9bsolutely no hits wer

detected for the control sample that was not intedwith 6AF. As the proeof-concept
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experiment failed, an attempt to use this strategjinding endogenous proteins was

abandoned.
rank log(e) log(l) %% # total Mr Accession
1 -18 5.52 1172 1 1 1815 ENSPOO0003008%6 gpmDB | psyt | snap [915/971] homo (3/3) protein

8 EF hand Ca-bd
6615 Pept C19 DUSP
PRO013%4 Peptidase C19
PROO1125 Recoverin
2 -1.6 573 0.7/1 1 1 154.7 ENSPOOD00303928 gpmDB | psyt | snap [98/122] home (1/1) protein
KIAAD232:p, No description
Annotated domains:
PROO16EB7 ATP/GTP-binding site motif A (P-loop)
3 -16 7.02 3.0/4 Iy Iy 244 sp|TRYP_PIG| gpmDB | psyt | snap [28803/101484] protein
Trypsin; EC 3.4.21.4; Flags: Precursor,;

Figure 3.9: Representative GPM database search rdsufor HEK293T media sample
overexpressing hTSP1 TSR1-3 incubated in 6AF usinghe “acid-cleavable linker”
proteomics strategy. The search result does not show any hits forotlexexpressed protein.
The control sample from HEK293T media sample overessing hTSP1 TSR1-3 but not
incubated in 6AF showed no hits whatsoever.
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3.6. Collaboration with Bertozzi lab — “IsoTag” proteomics method

During the visit of Dr. Caroline Bertozzi, a piomexé “click” chemistry and whose lab
has published many papers on developing chemichtamputational tools for “mining” the
glycoproteome, on May*1 2014 to Stony Brook University, | was able toapwiith Dr.
Bertozzi briefly on the status of the proteomicgjg@ct. This quickly led to a collaborative
project with Christina Woo, a graduate studentenlaboratory, in order to utilize the recently
developed “IsoTag” to probe tli@fucose proteome. The IsoTag (Figure 3.10A) comsiktour
functional parts: An “affinity enrichment” comportautilizing biotin; a “cleavable functionality”
that allows cleavage of the probe when reacted thghappropriate reagents; an “isotope
pattern” incorporating two bromine atoms; and atisthogonal azide reactive group”, allowing
the probe to engage in the “click” reaction witle tilkyne group that is in the 6AF used to
metabolically treat cells. The innovation in tkeTag comes from the “isotope pattern”
component, as bromine naturally exists in two ryeagual stable isotopes as Br-79 and Br-81.
The presence of two bromine atoms thus naturaltyeze a unique charge distribution pattern
(Figure 3.10B) in a mass spectrometric analysiciwiiould only be detected in proteins that
incorporate the IsoTag. A computer program corspléinstances of the unique bromine-
derived pattern in a mass spectrometric analysissassubsequent run of the same sample can
exclusively select those ions for fragmentation smlosequent identification by comparing them
to the GPM database (or equivalent). This woulmafor an increase in the sensitivity of mass
spectrometric analysis, as typically only abundans in a mass spectrometric run are chosen
for further fragmentation, but by being able takand then exclusively fragment ions with the
unique bromine-derived pattern, even low abund@noteins could, in theory, be fragmented

and subsequently identified.
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Figure 3.10: IsoTag and resulting unique bromin-derived mass spectrometric pattern. £
Structure of the IsoTag, consisting of four distinomponents, including the “isotope patte
componentB. An example of IsoTag labeling of a known glycopeeti The predicted bromi-
derived mass spectrometric pattern (bottom p— “Isotope Simulaon”) is closely matched b
the experimentally produced spec

*** NOTE: This data was generated by Christina Woo oftie Bertozzi lab***

Similar to the approach | adopted in my previouwdgcribed proteomics methods,
elected to begin with “proof-odoncept” experiments testing the utility of theTlag-based
Bertozzi lab proteomics protocol on cell lysatesirHEK293T cells overexpressing hTS
TSR13. |therefore generated and shipped HEK293Tpedlets, from cells transfected wi
hTSP1 TSR1-&nd incubated in 100 uM 6AF, as well as untranstecbntrols and contro
where no 6AF was added. Ms. Woo lysed one platetsh of cells, performed the clic

reaction with the IsoTag, and performed -biotin Western blots to check incorporatiorthe

IsoTag.
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Unfortunately, the Western blot revealed no adddlsignal in the +6AF treated cell
lysate samples as compared to the -6AF treatedlysalies (Figure 3.11A). There was no
indication that the IsoTag had failed, since am-biatin Western blot on cells generated in the
Bertozzi lab labeled with an alkyne-tagged siatitlgrecursor showed robust labeling after
click reaction with the IsoTag (Figure 3.11B). Téevas also no indication of any problems
with the HEK293T cells, as a Western blot | perfechon 5% of the HEK293T cell media (250
pL) showed robust labeling of the anti-myc antibadiHEK293T cells transfected with hTSP
TSR1-3 and robust labeling with streptavidin insaicubated in 100 uM 6AF (Figure 3.11C).
Despite these setbacks, Ms. Woo performed the Barab proteomics protocol using the
IsoTag on the HEK293T cell lysates transfected WilBP1 TSR1-3 and incubated in 6AF, but

no spectra were generated that correlated witlowkeexpressed hTSP1 TSR1-3 protein.

64



>
-
w

L
7

~
- S—

E ® -
-_— ’ |
- - . —
— & . . .

C
6AF: - <+ - +
TSR 1-3: - - + <+
Anti-myc band
25 €
Anti-myc signal : Red
Streptavidin (anti-biotin) : Green

Overlay (both signals)

Figure 3.11. Western blots to check IsoTag labeling../One minute exposure of four samp
using antibiotin antibody, from left to right: HEK293T cellydates transfected with hTS
TSR13 and incubated in 6AF; HEK293T cell lysates trantfd with hTSP1 TR1-3 and not
incubated in 6AF; untransfected HEK293T cell lysatacubated in 6AF; untransfect
HEK293T cell lysates not incubated in 6AFB. Fifteen second exposure using -biotin
antibody of Bertozzi lab generated cell lysate bated in Manl-alkyne, a sugar analog of

sialic acid precursof. Western blot on HEK293T cell medi
**NOTE: Figure 3.11A and 3.11B was generated by @ristina Woo***
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3.7. Conclusions

The overall strategy of labeling cells with 6 Arforming click chemistry to biotinylate
fucosylated proteins, pulling down those proteirth\streptavidin beads, followed by protease
digestion and mass spectrometric analysis, yiehdieed results. The “proof-of-concept”
experiments on overexpressed mN1 EGF1-5, hTSP1 3SRdd ADAMTSL1 TSR1-4
demonstrated that the chemistry underlying thel3ead” digestion protocol is sound, and in fact
these overexpressed proteins were successfullggodtwn and identified by mass
spectrometry, exclusively in samples incubated wAlr and never in the non-6AF treated
controls. Using “off-bead” proteomics strategiegadlving the dissociation of biotinylated
proteins from streptavidin beads were unsucces#dditionally, all attempts to pull down and

identify endogenous targets Offucosylation in HEK293T cells failed.
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3.8. Future Directions

Using fucose analogs to identify tefucose proteome presents enormous challenges.
The success of the “on-bead” digestion proteomiosopols in pulling down overexpressed
proteins confirms that the underlying approachoisnsl from a chemical basis (i.e. it is possible
to incorporate fucose analogs into cells, biotiteyklaem with the click reaction, and then purify
them using streptavidin beads), however the mdjallenge is in addressing the low abundance
of O-fucosylated proteins in the cells, which posesoWerriding difficulty in purifying and
identifying this small population of proteins iretkotal cell lysate.

Much time has been spent in this project attemgbngptimize a variety of conditions in
the proteomics protocol, so it is unlikely thatther minor optimizations will yield success.
Major breakthroughs, including new reagents beiengetbped by Dr. Peng Wu's laboratory that
enable “supersensitive” click chemistor extremely sensitive mass spectrometers capéble
resolving the many thousands of cell lysate pretewupled with advanced algorithms that
enable analysis of the massive amounts of speetrargted to pinpoir®-fucose modified
proteins, might be needed to make significant newgiess.

Additionally, the recent availability of new enriient tools, such as azide-coupled
magnetic beads (available on clickchemistrytools.)callows the prospect of using a
biotin/streptavidin-free method of purifying andptaring proteins that incorporate 6AF,
potentially allowing for efficient enrichment of GAincorporating proteins without requiring
extensive stringent washes as in the current pogtadiich may improve the chances of
retaining sufficient sample to allow for mass sp@atlentification. Certainly, it would be a

logical first step in the continuation of this pgof.
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3.9. Materials and methods
“On-bead” digestion proteomics method #1

Stock Solutions (sources for unusual reagentsnaliedated):

e 25 mM Azido-biotin (ClickChemistryTools.com, lterdZ104-25)
e 25 mM TBTA (ClickChemistryTools.com, Item #1061-300
e 250 mM copper sulfate (Sigma-Aldrich, Catalog #4506

e 10% SDS in water

e 100%pB-mercaptoethanol

e 400 mM tris-HCl pH = 8.0

e 100% NP-40

e 100% Triton X-100 (substitute with NP-40 if unadle)

e 100% formic acid

e 10X PBS

e 100 mM EDTA

e 1M NaCl

e 100 mM Cad{

e 0.5 M TCEP (Thermo Scientific, Product #77720)

Freshly prepared solutions:

e 500 mM sodium ascorbate (MW = 198.11 g/mol)
e 6M Urea (MW =60.06 g/mol) in 1X PBS

e 2M Ureain 1X PBS

e 6M Ureain 1X PBS + 10 mM TCEP

e Buffer A: 1% SDS + 19%-mercaptoethanol in water
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e Buffer B: 0.7% NP-40 in 50 mM tris-HCI (pH = 8.8)1 pic tab / 10 mL

e Lysis Buffer: 5 mM EDTA; 150 mM NaCl; 1% Triton X00 in 50 mM tris-HCI (pH =

8.0) + 1 protease inhibitor cocktail (pic) tab /rbQ of lysis buffer

e RIPA Buffer: 25mM Tris-HCI (pH 7.6), 150mM NaCI%d NP-40, 1% sodium

deoxycholate, 0.1% SDS

e Trypsin Solution: 1 mM CaGh 10 pg/mL trypsin in 2M Urea in 1X PBS

Procedure:

1. Perform Click Reaction on 250 uL of media/celldisssample. (For larger samples,

increase proportionally):

a.

b.

d.

e.

Add 1 pL of 25 mM Azido-biotin. Vortex.

Add 1 pL of 25 mM TBTA. Vortex. Note: Solution will be slightly cloudy due
to low solubility of TBTA).

Add 1 pL of 500 mM sodium ascorbate. Vortex.

Add 1 pL of 250 mM copper sulfate. Vortex.

Allow reaction to proceed at room temperature foodr.

2. Acetone precipitation:

a.

C.

Add 1000 pL of -20 °C acetone to each sample. Hatiin -20 °C freezer for 2
hours to overnight.

After incubation, spin down sample for 10 minutesaximum speed in 4 °C
centrifuge.

Aspirate acetone, taking care not to disturb propeillet.

3. Applying sample to streptavidin beads:
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Wash 50 pL packed volume (100 pL 50% slurry) cftiavidin beads per
sample with lysis buffer. (Example: For 8 sampleash 400 pL of streptavidin
beads.)

Resuspend protein pellet in 50 pL of 1% SDS witragsive vortexing.
Sonicate for 10 min and then boil for 10 min.

Cool down, centrifuge sample for 1 min at maximyraees, then dilute with 450
ML of Lysis buffer for a total volume of 500 pL.

Apply sample solution to 50 pL (packed volume) toégtavidin beads.

Apply samples to end-over-end rotator in cold rodntubate for 2 hours to

overnight.

4. Wash the beads (all washes at 1 mL):

a.

Wash 3 times with Lysis Buffer. After each waséntifuge the beads for 2.5
minutes at 2500 rpm.

Wash 1 time with 6M Urea in 1X PBS.

Wash 1 time with 1X PBS.

Aspirate the beads with a 1 mL syringe to withdedmsolution from beads.

5. On-bead reduction and alkylation:

a.

b.

Add 200 pL of “6M Urea in 1X PBS + 10 mM TCEP” toetbeads.
Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 15 minutes.
Add 50 pL of 200 mM lodoacetamide (Final concemrat20 mM
lodoacetamide) to the beads.

Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 30 minutes.

Turn off the lights and cover sample tray in aluammfoil.
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6. On-bead trypsin digestion:

a.

b.

C.

d.

Wash the beads with 2M Urea in 1X PBS.
Aspirate the beads with 1 mL syringe.
Add 150 pL of trypsin solution.

Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 8 hours.

7. Sample collection:

a. Centrifuge beads for 2.5 minutes at 2500 rpm atidasupernatant in a “Lo-

bind” tube.

b. Wash the beads with 100 pL of HPLC water. Cerdefthe beads and add

supernatant to the same “Lo-bind” tube.

c. Add 13 pL of 100% formic acid (Final concentratio®% formic acid) to the

solution.

8. Perform Zip-Tip clean-up.

a. Follow Zip-Tip protocol. Briefly, the Zip-Tip isaivated with 2 washes of

Solution A (95% acetonitrile, 0.1% acetate), folemhby equilibration with 3
washes of Solution B (0.1% acetate). Sample 13 phgetted to fresh tube.
Sample is then pipetted from fresh tube back tgiai tube. Zip-Tip is then
washed 6 times with Solution B. Sample is elutedhfZip-Tip by pipetting 10
times into 3 pL of Solution C (50% acetonitrilel® acetate.) Eluted sample is
then readjusted to 15% HPLC Buffer B by adding 7gfiZip-Tip Solution B

(0.1% acetate), yielding 10 pL of final sample k6% analysis.

9. Submit samples for MS analysis.
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the GPM database for

matching peptides
=

Figure 3.12. Summary of steps required for “o-bead” trypsin digestion proteomics
methods.

“On-bead” digestion proteomics protocol
All steps are the same as proteomics protocol e
-Pay special attention to conducting all steps offda separation in a w-ventilated cleal

hood.



-Replace #4 (washing the beads) in the procedute wi

4. Wash the beads (all washes at 10 mL):

a. Wash 4 times with RIPA Buffer. After each washtcduge the beads for 2.5
minutes at 2500 rpm.

b. Wash 3 times with 6M Urea in 1X PBS.

c. Wash 3 times with 1X PBS.

d. Carefully remove the top 9-9.5 mL of 1X PBS witpipette-aid.

e. Aspirate the beads with a 1 mL syringe to withdedmsolution from beads.

“Off-bead” thiol-cleavable linker proteomics protokt

Stock Solutions:

e 25 mM Azido-biotin

e 25mM TBTA

e 250 mM copper sulfate

e 10% SDS in water

e 100% 2-mercaptoethanol

e 400 mM tris-HCl pH = 8.0

e 100% NP-40

e 100% Triton X-100 (substitute with NP-40 if unadile)
e 100% formic acid

e 10X PBS

e 100 mM EDTA
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e 1 M NaCl
e 100 mM CaCl
e O5MTCEP

Freshly prepared solutions:

e 500 mM sodium ascorbate (MW = 198.11 g/mol)

6M Urea (MW = 60.06 g/mol) in 1X PBS

e 2MUreain 1X PBS

e 6M Ureain 1X PBS + 10 mM TCEP

e Buffer A: 1% SDS + 1% 2-mercaptoethanol in water

e Buffer B: 0.7% NP-40 in 50 mM tris-HCI (pH = 8.8)1 pic tab / 10 mL

e Lysis Buffer: 5 mM EDTA; 150 mM NaCl; 1% Triton X00 in 50 mM tris-HCI (pH =
8.0) + 1 pic tab

e RIPA Buffer: 25mM Tris-HCI (pH 7.6), 150mM NaCI%d NP-40, 1% sodium

deoxycholate, 0.1% SDS

e Trypsin Solution: 1 mM CaGh 10 pg/mL trypsin in 2M Urea in 1X PBS

Procedure:

1. Perform Click Reaction on 250 uL of media/cell kgsaample. (For larger samples,

increase proportionally):

a. Add 1 pL of 25 mM thiol-cleavable azido-biotin. Kex.
b. Add 1 pL of 25 mM TBTA. Vortex. Note: Solution will be slightly cloudy due

to low solubility of TBTA).
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c. Add 1 pL of 500 mM sodium ascorbate. Vortex.
d. Add 1 pL of 250 mM copper sulfate. Vortex.
e. Allow reaction to proceed at room temperature foodr.
2. Acetone precipitation:
a. Add 1000 pL of -20 °C acetone to each sample. Hatiin -20 °C freezer for 2
hours to overnight.
b. After incubation, spin down sample for 10 minutesmaximum speed in 4 °C
centrifuge.
c. Aspirate acetone, taking care not to disturb propeillet.
3. Applying sample to streptavidin beads:
a. Wash 50 pL packed volume (100 pL 50% slurry) céstiavidin beads per
sample with lysis buffer. (Example: For 8 sampleash 400 pL of streptavidin

beads.)

o

Resuspend protein pellet in 50 puL of 1% SDS withragsive vortexing.

Sonicate for 10 min and then boil for 10 min.

o

d. Cool down, centrifuge sample for 1 min at maximyaed, then dilute with 450
ML of Lysis buffer for a total volume of 500 pL.

e. Apply sample solution to 50 pL (packed volume)toégtavidin beads.

f. Apply samples to end-over-end rotator in cold rodntubate for 2 hours to

overnight.

4. Wash the beads (all washes at 10 mL):

a. Wash 4 times with RIPA Buffer. After each wasmitcdéuge the beads for 2.5

minutes at 2500 rpm.
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e.

f.

Wash 3 times with 6M Urea in 1X PBS.

Wash 3 times with 1X PBS.

Carefully remove the top 9-9.5 mL of 1X PBS witbipette-aid.
Transfer the beads to “Lo-bind” tubes.

Aspirate the beads with a 1 mL syringe to withdedsolution from beads.

4. Elution by thiol-cleavage (reduction):

a.

b.

f.

Add 200 pL of “6M Urea in 1X PBS + 10 mM TCEP” toetbeads.

Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 15 minutes.
Collect supernatant in “Lo-bind” tube. Then, addaalditional 200 pL of “6M
Urea in 1X PBS + 10 mM TCEP” to the beads.

For both the supernatant and the beads: Add 56f| 200 mM lodoacetamide
(Final concentration: 20 mM lodoacetamide) to teads.

Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 30 minutes.
Turn off the lights and cover sample tray in aluammfoil.

Combine both samples.

5. Trypsin digestion:

a. Add 150 pL of trypsin solution.

b.

Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 8 hours.

6. Sample collection:

a. Centrifuge tubes and add 25 pL of 100% formic &Eidal concentration: 5%

formic acid) to the solution.

7. Perform Zip-Tip clean-up.
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a. Follow Zip-Tip protocol. Briefly, the Zi-Tip is activated with 2 washes
Solution A (95% acetonitrile, 0.1% acetate), folemhby equilibration with .
washes of Solution B (0.1% acetate). Sample i3 fiygetted to fresh tube
Sample is then pipett from fresh tube back to original tube. -Tip is then
washed 6 times with Solution B. Sample is elutedhfZig-Tip by pipetting 1C
times into 3 pL of Solution C (50% acetonitrilel® acetate.) Eluted sample
then readjusted to 15% HPLC Buffer y adding 7 pL of ZipFip Solution B
(0.1% acetate), yielding 10 pL of final sample k6% analysis.

8. Submit samples for MS analy:s

Collect media and cell

Lysate; Perform clic

2 )

using strepta

Perform extensive washes

Elute sample from beads by
reducing with 10 mM TCEP to
beads; alkylate eluent and
beads with lodoacetamide

Perfrom protease digestion
and Zip-Tip clean up; Perform
nanolLC-MS/MS, and search
the GPM database for
matching peptides
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Figure 3.13. Summary of steps required for “off-bad” thiol-cleavable linker proteomics
strategy.

“Off-bead” acid-cleavable linker proteomics protdco

Stock Solutions:

e 25 mM Azido-biotin

e 25mM TBTA

e 250 mM copper sulfate

e 10% SDS in water

e 100% 2-mercaptoethanol
e 400 mM tris-HCl pH = 8.0
e 100% NP-40

e 100% Triton X-100 (substitute with NP-40 if unadile)
e 100% formic acid

e 10X PBS

e 100 mM EDTA

e 1M NaCl

e 100 mM Cad{

e 0.5MTCEP

Freshly prepared solutions:

e 500 mM sodium ascorbate (MW = 198.11 g/mol)
e 6M Urea (MW =60.06 g/mol) in 1X PBS
e 2MUreain 1X PBS

e 6M Ureain 1X PBS + 10 mM TCEP
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e Buffer A: 1% SDS + 1% 2-mercaptoethanol in water
e Buffer B: 0.7% NP-40 in 50 mM tris-HCI (pH = 8.8)1 pic tab / 10 mL
e Lysis Buffer: 5 mM EDTA; 150 mM NaCl; 1% Triton X00 in 50 mM tris-HCI (pH =
8.0) + 1 pic tab
e RIPA Buffer: 25mM Tris-HCI (pH 7.6), 150mM NaCI%d NP-40, 1% sodium
deoxycholate, 0.1% SDS
e Trypsin Solution: 1 mM CaGh 10 pg/mL trypsin in 2M Urea in 1X PBS
Procedure:
1. Perform Click Reaction on 250 uL of media/cell igsaample. (For larger samples,
increase proportionally):
a. Add 1 pL of 25 mM acid-cleavable azido-biotin. Yéor.
b. Add 1 pL of 25 mM TBTA. Vortex. Note: Solution will be slightly cloudy due
to low solubility of TBTA).
c. Add 1 pL of 500 mM sodium ascorbate. Vortex.
d. Add 1 pL of 250 mM copper sulfate. Vortex.
e. Allow reaction to proceed at room temperature foodr.
2. Acetone precipitation:
a. Add 1000 pL of -20 °C acetone to each sample. Hatiin -20 °C freezer for 2
hours to overnight.
b. After incubation, spin down sample for 10 minutesmaximum speed in 4 °C
centrifuge.
c. Aspirate acetone, taking care not to disturb propeillet.

3. Applying sample to streptavidin beads:
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a. Wash 50 pL packed volume (100 pL 50% slurry) céstiavidin beads per
sample with lysis buffer. (Example: For 8 sampleash 400 pL of streptavidin
beads.)

b. Resuspend protein pellet in 50 pL of 1% SDS withragsive vortexing.

c. Sonicate for 10 min and then boil for 10 min.

d. Cool down, centrifuge sample for 1 min at maximyaed, then dilute with 450
ML of Lysis buffer for a total volume of 500 pL.

e. Apply sample solution to 50 pL (packed volume)toégtavidin beads.

f. Apply samples to end-over-end rotator in cold rodntubate for 2 hours to

overnight.

5. Wash the beads (all washes at 10 mL):

a. Wash 4 times with RIPA Buffer. After each wasmitcdéuge the beads for 2.5
minutes at 2500 rpm.
b. Wash 3 times with 6M Urea in 1X PBS.
c. Wash 3 times with 1X PBS.
d. Carefully remove the top 9-9.5 mL of 1X PBS witpipette-aid.
e. Aspirate the beads with a 1 mL syringe to withdedmsolution from beads.
4. On-bead reduction and alkylation:
a. Add 200 pL of “6M Urea in 1X PBS + 10 mM TCEP” toet beads.
b. Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 15 minutes.
c. Add 50 pL of 200 mM lodoacetamide (Final concemnrat20 mM

lodoacetamide) to the beads.

80



d. Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 30 minutes.

Turn off the lights and cover sample tray in aluammfoil.
5. Elution:
a. Wash the beads with 2M Urea in 1X PBS.
b. Transfer the beads to “Lo-Bind” tubes.
c. Aspirate the beads with 1 mL syringe.
d. Add 100 pL of 50 mM sodium dithionite and incubateoom temperature for 30
minutes.
e. Collect the supernatant into a fresh “Lo-Bind” tube
6. Trypsin digestion:

a. Add 50 pL of trypsin solution.

b. Incubate with gentle agitation at 37 °C (in Hot Roshaker) for 8 hours.
7. Sample collection:

a. Centrifuge tubes and then add 8 pL of 100% formid &-inal concentration:
5% formic acid) to the solution.

8. Perform Zip-Tip clean-up.

a. Follow Zip-Tip protocol. Briefly, the Zip-Tip isaivated with 2 washes of
Solution A (95% acetonitrile, 0.1% acetate), folemhby equilibration with 3
washes of Solution B (0.1% acetate). Sample i3 fingetted to fresh tube.
Sample is then pipetted from fresh tube back tgiai tube. Zip-Tip is then
washed 6 times with Solution B. Sample is elutedhfZip-Tip by pipetting 10

times into 3 pL of Solution C (50% acetonitrilel® acetate.) Eluted sample is
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then readjusted to 15% HPLC Buffer B by adding 7gf Zip-Tip Solution B
(0.1% acetate), yielding 10 pL of final sample k6% analysis.

9. Submit samples for MS anssis.

and alkylation; elute sample

Perfrom protease digestion
and Zip-Tip clean up; Perform

nanoLC-MS/MS, and searc
the GPM database for
matching peptides

Figure 3.14. Summary of steps required for “of-bead” acid-cleavable linker proteomics
strategy.



Chapter 4: Fucose Analogs — Substrates or Inhibits for FUT8, POFUT1, and POFUT2?
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4.1. Introduction

Following the observation that 6-alknylfucose maudifion of theN-linked glycan of
Lunatic Fringe may be inefficient (Figure 2.3B)ettantalizing possibility emerged of utilizing
fucose analogs as inhibitors of fucosylation, pattirly the core fucosylation of tid-linked
glycans on the single site Nflinked glycosylation on the Fc portion of human Ionmglobulin
G (IgG) that is carried out by fucosyltransferagg8T8). One role of IgG antibodies is to bind
antigen and promote antibody dependent cellulatoyicity (ADCC) carried out by effector
cells of the immune systel® ADCC can be induced more potently in therapeanitbodies
that do not undergo core fucosylation on tilinked asparagin€:***> Thus, developing
inhibitors of FUT8 could be useful for generatinggnt anticancer therapeutic antibodies devoid
of core fucosylation. This chapter demonstratesripact of 6-alkynylfucose (6AF), as well as
additional fucose analogs 5-thiofucose (5TF) arldi@ofucose (2FF), on the core fucosylation
of N-glycan heavy chain of human Immunogloblin G (Ig@jred out by FUT8. | chose to
investigate 5-thiofucose (5TF) because it has loeemonstrated to be an inhibitor of sialyl-
Lewis* biosynthesig®® while 2-fluorofucose (2FF) was selected for stbegause it was shown
to inhibit core fucosylation by FUT8 of IgG in Cleise Hamster Ovary (CHO) celfs.I also
performed experiments to study the impact of the &id 2FF on th®-fucosylation of mouse
Notchl EGF 1-5 by POFUT1 a@Hucosylation of human Thrombospondinl TSR 1-3 by
POFUT2, to test whether these fucose analogs astedbstrates or inhibitors for the

fucosyltransferases responsible @fucosylation.
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4.2. Glycan standard — MagGIcNAc;

The first step in thglycan analysis was to use a commerciavailable glyca as a
standard. MANS glycan (Sigm-Aldrich) was used. This oligosaccharictentairs two GICNAc
and nine mannose residues (lsGIcNAC,, molecular weight = 1883.6@nd was use to test the
mass spectrometer’s glycan chip. Fig4.1A illustrates the MS2 spectra of an ion matching
expected mass of the glycan standard in the 24gelstate, with the individual pea
corresponding to the breakdown products of theaglyafter undergoing collision induc
dissociation. Figure 4.1B showse Extracted lon Chromatogram (EIC) for MangGIcNAC;
standard. EICs provide a sequantitative estimate of the relative amounts ahean detecte
in the sample. In this case, we see two distirekp for the same mass, referring tod-
anomer an@-anomer of the glycan at the reducing end carborghwdlute separately on tl

glycan chip.
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Figure 4.1: MS2 spectrum and EIC of glycan standard MagGIcNAc,. A. The parent ion ¢
943.0 closely matches that of the glycan stand&tdn9GIcNAc2 inthe 2+ charge stat
Numerous labeled breakdown products indicated i@ MS2 spectrum further confir
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identification.B. The EIC shows two peaks for the glycan standéelyl referring to thex- and
B-anomers which elute separately on the glycan chiglue square, GIcNAc; green circle,
mannose.
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4.3. The effect of fucose analogs on core fucosytat of N-linked glycans by FUT8 on

human IgG

HEK293T cells transfected with IgG were incubatethwonditioned media containing
50 uM of the fucose analogs 6AF, 5TF, 2FF, or withadded fucose analog. The samples were

then processed by th&l“glycan purification and identification protocol’gs methods).

4.3a. Control samples

Figure 4.2A shows the MS2 spectra for Mnked glycans released from IgG for the
sample in which no fucose analog was added. TdreréhreeN-linked glycan species detected —
the first has a mass-to-charge ratio (m/z) of 732the 2+ charge state, corresponding to the
known GOF oligosaccharide structure, the seconchhas/z of 813.9 corresponding to the G1F
oligosaccharide structure, and the third has anain®94.9, corresponding to the G2F structure.
GOF, G1F, and G2F, all of which are core fucosyasee the most commaiinked glycan
structures modifying 1gG Identifying these structures confirms that Mglycan purification
protocol method is effective, in addition, it prdes the control from which the effect of the
fucose analogs oN-glycosylation of IgG can be elucidated. An exhmessearch for the non-
core fucosylated (afucosylated) structures (GO,dBt, G2) was negative, indicating that in the
absence of fucose analogs, Nwinked glycans modifying IgG are ~100% core fucosdia or
at least that any afucosylated structures arersamahis sample as to be below the detection

threshold.

Figure 4.2B shows the EIC obtained after searctunthe masses of the afucosylated
structures (GO, G1, G2), which in this case weltedetected, while figure 4.3B shows the EIC

for the fucosylated structures (GOF, G1F, G2F)r this sample, the G1 subset of structures is
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the most abundant. In figures 4.3C, 4.3D, and 4l.8&lculate the area under the curve (AUC)
for each detected structure, and provide a grapipaang the relative abundance of
afucosylated and fucosylated structures in the@),and G2 subset of structures. Since there
were no detectable afucosylated structures, tladivelabundance of the fucosylated structures
with respect to the afucosylated structures (i@ Gompared to GO, G1F compared to G1, and

G2F compared to G2) is 100%:0% in each instance.

The EIC spectra are presented primarily to showgttedity of the data, as they are the
raw data used for the analysis. Multiple peakstgxiimarily due to the separation of the
anomeric forms of the releasBidglycan structures, but additional artifact peaks @iso be
detected, particularly when the signal-to-noiseratlow. The EIC spectra can also be useful
for comparing the relative abundance of detectedG) and G2 subset of structures. The most
important analysis, however, is of the graphs #énatgenerated after calculating the AUC of
each peak, as the graphs provide a breakdown oéldeve abundance of afucosylated,
fucosylated, and in later figures, fucose analagjwgated structures. By comparing the graphs
generated in samples where fucose analogs are adithetthe graphs generated in this control

sample, the inhibitory effects of the fucose analog core fucosylation can be detected.

88



89




2

100% -

90% -

60% -

50% -
40% -
20% -
10% -

0%

GO suhset

60%
50% -

40%

2o

20%
10%

0%

-

WG1F

G1 subset

60% -

50% -

40% -

EeTe 4

20% A
10%

T hel]

W G2F

G2 subset

Figure 4.2: MS2 spectra, EICs, and AUC graphs fordG (no fucose analog added) samp
A. MS2 spectra corresponding the corefucosylated GOF, G1F, and G2F structures
Many breakdown products produced bylistoh induced dissociation a
highlighted. MS2 spectra for the afucosylated G, and G2 structures were not detectB.
Extracted lon Chromategms (EICs) for the afucosylated structures arecatdd. C. EICs for
the fucosylated structures are indicated. It apelaat the G1 subset of structures is n
abundant for this sampl®. Graph displaying the area under the curve (AUC)tler GO/GIF
structuresE. Graph displaying the area under the curve (AUC)tiar G1/G1F structureF.
Graph displaying the area under the curve (AUC)tiher G2/G2F structures. For all subs
only the fucosylated structures were detected. tRadgle, fucos¢ blue square, GICNAc; gree

indicated.

circle, mannose; yellow circle, galactc
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4.3b. Effect of 6AF on FUTS8

Figure 4.3 shows the MS2 spectra for titdinked glycans released from IgG for the
sample treated with 6AF. Spectra correspondinghto GO, G1, G2, GOF, G1F, and G2F
structures were positively identified (Figure 4.3%d 4.3B). Additionally, a spectrum
corresponding to the G2+6AF structure was alsotified (Figure 4.3C), indicating that some
6AF was incorporated by FUT8 onto tRdinked glycan of IgG. EICs for the GO/GOF/GO+6AF
(GO subset), G1/G1F/G1+6AF (G1 subset), and G2/G2FbAF (G2 subset) structures (Figure
4.3D, 4.3E, 4.3F) show that the GO subset was @mshdant in this sample. Calculating the
area under the curve (AUC) for each structure’s, Bélowed by calculating the percentage of
the abundance of each structure in each classda®va convenient way of comparing the
relative abundance of afucosylated, fucosylated, farcose analog-modifietil-linked glycan

structures and a graph displaying this data isigealfor each subset (Figure 4.3G, 4.3H, 4.3l.)

In the case of 6AF, the vast majority of thelinked glycan structures are in the
afucosylated state, contrary to what was obsermethe control sample to which no fucose
analog was added, indicating that FUTS8 is potemiybited by 6AF. Small amounts of core-
fucosylated and core-6AF modified structures wesgected, indicating that the inhibition of
FUT8 is not absolute, but the striking observatisrthat 6AF inhibits core fucosylation as

compared to the control sample.
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Figure 4.3: MS2 spectra, EICs, and AUC graphs fothe IgG + 6AF sample A. MS2
spectraor the afucosylated GO, G1, and G2 structuB. MS2 spectra for the cc-fucosylated
GOF, G1F, and G2F structureC. MS2 spectrum for the G2+6AF structure. GO+6Ade

G1+6AF were not selected for fragmentatiocD. EIC for the GO subset structs. The GO

subset structures were most abundant for this @ank. EIC for the G1 subset structureF.
EIC for the G2 subset structuriG. AUC graph for the GO subset structurds AUC graph for
the G1 subset structurds AUC graph for the G2 subt structures. The afucosylated structt

were most abundant in this sample, due to 6AF itibibof core fucosylation.
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4.3c. Effect of 5TF on FUTS8

Figure 4.4 shows the MS2 spectra for tidinked glycans released from IgG for the
sample treated with 5TF. Spectra correspondinghéo GO, G1, G2, GOF, G1F, and G2F
structures are positively identified (Figure 4.4Ada4.4B). An exhaustive search of structures
modified by 5TF (GO+5TF, G1+5TF, and G2+5TF) wasuatessful. This does not mean that
no 5TF-modified structure was present, but ratheat any 5TF-modified structures were not
abundant enough to be selected for fragmentatibis. important to note that due to the mass of
the 5TF fucose analog, the mass of the GO+5TF dnst@ctures as well as the G1+5TF and G2
structures is identical, but analysis of the breakd products in both cases strongly suggested
that the G1 and G2 structures were detected, eo5Tlr-modified alternatives. Estimating the
relative abundance of each subset by looking ah sabset's EIC (Figure 4.4C, 4.4D, 4.4E)

revealed that the G1 subset of structures was atostdant in this sample.

The AUC for each structure was calculated and grdupr each subset (figure 4.4F for
GO subset, figure 4.4G for G1 subset, figure 4.4H G2 subset). Compared to the control
sample, only a mild increase in the non-core fuladey structure was detected, as well as a trace
amount of the 5TF-modified structures. The vastamityj of the N-linked glycan remained core
fucosylated as in the case of the control sampléus, 5TF only mildly inhibited core

fucosylation of the\-linked glycan of 1IgG by FUTS.
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Figure 4.4: MS2 spectra, EICs, and AUC graphs for the IgG+ 5TF sample A. MS2
spectra for the afucosylated GO, G1, and G2 strestiB. MS2 spectra for the cc-fucosylated
GOF, G1F, and G2F structures. GO+5TF, G1+5TF,@2€5TF structures were not seted for
fragmentation.C. EIC for the GO subset structureD. EIC for the G1 subset structures.
G1 subset structures were most abundant in thiplsarE. EIC for the G2 subset structur.

AUC graph for the GO subset structurG. AUC graph fao the G1 subset structureH. AUC

graph for the G2 subset structures. The fucosylateuctures were most abundant in
sample, indicating that 5TF did not potently inhibore fucosylation. Red triangle, fuco
black triangle, 5TF; blue squarelcNAc; green circle, mannose; yellow circle, gatesd
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4.3d. Effect of 2FF on FUT8

Figure 4.5 shows the MS2 spectra for tidinked glycans released from IgG for the
sample treated with 2FF. Similar to the samplaté@ with 5TF, only spectra corresponding to
the GO, G1, G2, GOF, G1F, and G2F structures asgiyaly identified (Figure 4.5A and 4.5B).
An exhaustive search of structures modified by Z8B+2FF, G1+2FF, and G2+2FF) was
unsuccessful. This does not necessarily indidaa¢ 2FF-modified structure was absent, but
rather that any 2FF-modified structures were notindant enough to be selected for
fragmentation. It is important to note that thessaf the 2FF fucose analog is only 2 Da greater
than the naturally occurring L-fucose, thus the wfiizhe 2FF modified structures would only
differ by 1 as compared to the fucose-modifieddtites. Thus, in generating the EIC for each
structure, | modified the usual method of programgrihe EIC to calculate the desired m/z +/-
0.5 for each structure, to instead select the M/zZ08 for each structure, in order to better
differentiate 2FF-modified structures from fucoseehfied structures. While this runs the risk
of introducing some error in the quantitation o tBICs, because spectra with an m/z that is
greater than 0.3 but less than 0.5 away from tihgetam/z would not be included in the
guantitation, the added benefit of being able ttiebaesolve the 2FF-modified from fucose-
modified structures made this difference in thengig@ion method reasonable for the 2FF-
treated sample. Estimating the relative abundaheaah subset by looking at each subset’s EIC
(Figure 4.5C, 4.5D, 4.5E) revealed that the G2 sub$ structures was most abundant in this

sample.

The AUC for each structure was calculated and grdupr each subset (figure 4.5F for
GO subset, figure 4.5G for G1 subset, figure 4.4HG2 subset). Compared with the control

sample, only a mild increase in the afucosylateacsire was detected, as well as a trace amount
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of the 2FF-modified structures. An exception exisfer the G2/G2F/G2+2FF structures (G2
subset), where it appeared that 2FF had a moreynrdfinhibitory effect on core fucosylation,
similar to the effect of 6AF. Thus, with the exdeptof the G2-class of structures, the vast
majority of theN-linked glycan remained core fucosylated as in @eeoof the control sample.
Overall, 2FF only inhibited to varying amounts tt@e fucosylation of thé&l-linked glycan of

IgG by FUTS.
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Figure 4.5: MS2 spectra, EICs, and AUC graphs fothe IgG + 2FF sample A. MS2 spectra
for the afucosylated GO, G1, and G2 structurB. MS2 spectra for the cofaeosylated GOF
G1F, and G2F structures. GO+2FF, G1+2FF, and GR+&FRuctures were not selected
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4.4. The effect of fucose analogs dd-fucosylation by POFUT2

In Chapter 2, we concluded that labeling HEK298TIscwith 200 uM 6AF was effective
and sufficient folO-fucosylating TSRs by POFUT2. That study did natrads the impact, if
any, on inhibitingO-fucosylation, instead focusing only on the relaiwmeount ofO-fucosylated
versusO-6AF-modified POFUT?2 targets. In order to understraimpact of fucose analogs on
O-fucosylation of POFUT?2 targets, | studied the imfpd®GAF as well as 5TF and 2FF on the
O-fucosylation of hnTSP1 TSR 1-3. The analysis wasopmed using the same methods as
described in Chapter 2, but with 50 uM of each $&canalog instead of 200 uM (sé&2linked

glycan identification protocol” in methods).

4.4a. Untreated samples

Figure 4.6 shows the MS and MS2 spectra of th#itrpeptide containing TSR2 on the
control sample in which no fucose analog was addéw MS spectra show the so-called
“naked” TSR2 peptide (Figure 4.6A), which is i@fucosylated, as well as the TSR2 peptide
modified with the fucose-glucose disaccharide (FeRgu6B). The associated MS2 spectra show
the “b and y” ions and neutral loss of the sugassxpected after collision induced dissociation
(CID) of the parent ions, confirming the identifica. Next, Figure 4.6C indicates the EIC
which shows the relative abundance of the nakedZTj@ftide and the TSR2 peptide modified
with the disaccharide, followed by a graph showimgrelative abundance of each species by
calculating the AUC for the EIC of each structuiiéne results indicate that approximately three-
guarters of the TSR2 peptides exist as naked peptuthile approximately one-quarter are

modified with the disaccharide for the sample taclvmo fucose analog is added.
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Figure 4.6: MS and MS2 spectra and EIC for the TSR-3 (no fucose analog added) sample
A. MS and MS2 spectra of the TSR2 naked peptide. SeYlerand y” ions are indicated in tl
MS2 spectra.B. MS and MS2 spectra of the TSR2 fuc-glucose disacchari glycopeptide.
The MS2 spectrum shows neutral loss of the disam#heC. EIC of the TSR2 peptides a
glycopeptides with associated quantitation of thdCA Gray rectangle, TSR2 peptide;

triangle, fucose; blue circle, gluco
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4.4b. Effect of 6AF on POFUT?2

Figure 4.7 shows the MS and MS2 spectra of thaitrgeptide containing TSR2 for the
sample incubated with 6AF. The MS spectrum costtie naked TSR2 peptide as well as the
TSR2 glycopeptide modified with fucose-6AF (Figdr&A) and the confirmatory MS2 spectra
for each species are indicated (Figure 4.7B1 ferltBR2 naked peptide and figure 4.7B2 for the
TSR2 6AF-glucose disaccharide). The TSR2 modifigt fucose-glucose disaccharide was not
selected for fragmentation. Calculating the AUC€tfe EIC of each structure (Figure 4.7C)
indicated that for the 6AF-treated sample, a grgatgportion of the TSR2 peptide exists as the
naked peptide as compared to the control samplgesting that 6AF may mildly inhibit
POFUT2. Examination of only the glycosylated fraictof the peptide, however, showed that
the vast majority was 6 AF-modified instead of fudated (Figure 4.7D). These two
observations suggest that whidefucosylation by POFUT2 may be mildly inhibited b,
6AF can still serve as a good substrate at theardration of 50 UM used in labeling targets of
O-fucosylation with this analog. Comparing this d@ke examination of the EIC for the
glycosylated fraction of the peptide) with the danianalysis performed in Chapter 2 (Figure
2.5C), suggests that using a lower concentratidd0qiM 6AF as compared to 200 uM resulted
in a slight decrease in the incorporation of thé&-6Acose analog, as the percentage of the
glycosylated fraction of TSR2 in the 200 uM appddmebe somewhat higher than that detected

in this analysis at 50 UM 6AF.
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Figure 4.7: MS and MS2 spectra and EIC for the TSR-3 + 6AF sample. AMS spectrum
indicating the TSR2 naked peptide and TSR2 -glucose glycopeptide. TSR2 fuc-glucose
glycopeptide was not detectecB. 1. MS2 spectrum of the TSR2 peptide revealing sevér:
and y” ions confirming identificatior2. MS2 spectrum of the TSR2 6Adttcose glycopeptid
showing neutral loss of the disaccharide, configndentification. C. EIC o the TSR2 peptide
detected, followed by quantitation of the AUD. AUC quantitation exclusively for the TSF
glycopeptides (excluding the TSR2 naked peptiddrimrtion). Gray rectangle, TSR2 peptic
red triangle, fucose; blue circle, glucose; blaiangle, 6AF.
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4.4c. Effect of 5TF on POFUT2

Figure 4.8 shows the MS and MS2 spectra of thaitrgeptide containing TSR2 for the
sample incubated with 5TF. The MS and confirmatB2 spectra for the naked TSR2 peptide
(Figure 4.8A), disaccharide modified TSR2 peptidigre 4.8B), as well as the TSR2 peptide
modified with 5TF-glucose disaccharide are dete(fegure 4.8C). Calculating the AUC for
the EIC of each structure (Figure 4.8D) indicateat for the 5TF-treated sample (similar to the
6AF-treated sample), a greater proportion of thRZ $eptide exists as the naked peptide as
compared to the control sample, suggesting thatrd@y mildly inhibit POFUT2. Examination
of only the glycosylated fraction of the peptidég{ife 4.8E) showed that the majority was 5TF-
modified instead of fucosylated, although incorpioraof the 5TF fucose analog was clearly
less than that for 6AF. As in the case of 6@Hucosylation by POFUT2 may be mildly
inhibited by 5TF. 5TF may still serve as an adeguabstrate for labeling targets@f
fucosylation, though 6AF labeling is more complatéhe same concentration added and 6AF

would be the superior fucose analog for labeling-BD2 targets.
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TSR 2 + 5TF
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Figure 4.8: MS and MS2 spectra and EIC for the TSR-3 + 5TF sample. AMS and MS2
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4.4c. Effect of 2FF on POFUT2

Figure 4.9 shows the MS and MS2 spectra of thaitrgeptide containing TSR2 for the
sample incubated with 2FF. The MS and confirmald82 spectra show the naked TSR2
peptide (Figure 4.9A and 4.9B1), however, additi@pectra cannot unambiguously
differentiate between the disaccharide modified Z$Bptide and the TSR2 peptide modified
with 2FF-glucose disaccharide (Figure 4.9A and 2)9Bifferentiation between the 2FF-
modified disaccharide and the fucose-glucose disaate is difficult because the 2FF fucose
analog is only 2 Da greater in mass than fucostheagyptic peptide is detected in the 4+
charge state, the difference in the m/z ratio betwFF and fucose is only 0.5, which is within
the error threshold established for the mass speettier. Calculating the AUC for the EIC of
each structure indicated that for the 2FF-treatedpde, a greater proportion of the TSR2 peptide
exists as the naked peptide as compared to theotsatnple, suggesting that 2FF may mildly
inhibit POFUT2. Examination of only the glycoswydtfraction of the peptide cannot
unambiguously differentiate between the 2FF-gluabsaccharide and the fucose-glucose
disaccharide as explained above. In any caseitashe other fucose analogs testéd,
fucosylation by POFUT2 may be mildly inhibited blyR2 2FF is unlikely to serve as an
adequate substrate for labeling target®4dticosylation, especially as compared to 6AF, bezaus
6AF labeling is more complete and because the atiz difference between 6AF and fucose is

greater than that between 2FF and fucose, avottdmgroblem of ambiguous labeling with 2FF.
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Figure 4.9: MS and MS2 spectra and EIC for the TSR-3 + 2FF sample. AMS spectrum
indicating the TSR2 naked peptide and TSR2 disawtdhglycopeptide. Due to the small m.
of 2FF, the TSR2 disaccharide glycopeptideld be either fucosgtucose or 2F-glucose . B.

1. MS2 spectrum of the TSR2 peptide revealing sevépaland y” ions confirming
identification.2. MS2 spectrum of the TSR2 disaccharide glycope@tumving neutral loss ¢
the disaccharideC. EIC of the TSR2 peptides detected, followed by djtetion of the AUC.
Gray rectangle, TSR2 peptide; green triangle, faay2FF; blue circle, gluco:

109



4.5. The effect of fucose analogs on O-fucosylatitwy POFUT1

In Chapter 2, we concluded that labeling HEK293I[Tlscgith 200 UM 6AF was effective
and sufficient folO-fucosylating EGF repeats by POFUT1. That studyndidaddress the
impact, if any, on inhibitingd-fucosylation, instead focusing only on the relatweount ofO-
fucosylated versu®-6AF-modified POFUT1 targets. In order to more gatigrunderstand the
impact of fucose analogs @fucosylation of POFUT1 targets, | studied the imMpA®GAF as
well as 5TF and 2FF on tl@fucosylation of mN1 EGF 1-5. The analysis was qenied using
the same methods as described in Chapter 2, bu@itM of each fucose analog (s€e “

linked glycan identification protocol” in methods).

4.5a. Control samples

Figure 4.10 shows the MS and MS2 spectra of th#itrpeptide containing EGF3 for
the control sample in which no fucose analog wakedd Only the EGF3-fucose species is
detected; no MS spectra for the “naked” EGF3 peptichich is noD-fucosylated) can be
found, but the MS spectrum for EGF3-fucose is ¢yadentified. The MS2 spectra show the “b
and y” ions expected after collision induced disstoan (CID) of the parent ions, confirming the
identification (Figure 4.10A). Next, the figuredicates the EIC which shows the relative
abundance of the naked EGF peptide and the EGkpapbdified with the monosaccharide,
followed by a graph showing the relative abundasfaeach species by calculating the AUC for
the EIC of each structure (Figure 4.10B). The Itesndicate that approximately 100% of the
EGF3 peptide exists as the fucose-modified pepéid@o clear peak was detected for the naked

peptide, for the sample in which no fucose anasoapided.
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4.5b. Effect of 6AF on POFUT1

An analysis of EGF3 modified with 6AF was not cadriout due to the exhaustion of
6AF stocks. 6AF labeling at the higher concentratf 200 uM was carried out previously
(Figure 2.4C), which indicated that in the glyceggl fraction of EGF3, virtually all of the
EGF3 peptide was labeled with 6AF, with no detdetédvels of EGF3-fucose. This earlier
observation does not directly answer the questiovhether or not 6AF mildly inhibits
POFUT1, nor does it directly address whether tipesar efficiency with which 6AF labels
EGF3 as compared to 5TF or 2FF labeling is accalioieby the greater concentration of 6AF

used.
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4.5c. Effect of 5TF on POFUT1

Figure 4.11 shows the MS and MS2 spectra of th@itrpeptide containing EGF3 for
the sample in which 5TF was added. MS spectrthloEGF3 naked peptide (Figure 4.11A),
EGF3-fucose peptide (Figure 4.11A), and EGF3+5Ti§ufe 4.11C) peptides are clearly
detected. Confirmatory MS2 spectra show the exgeithgmentation ions of the EGF3
peptides, and the neutral loss of a fucose in tBEE-fucose spectrum is confirmed (Figure
4.11B1 and 4.11B2). For the EGF3+5TF peptide, wawehe neutral loss of the 5TF would be
expected to generate an ion with a m/z ratio of 7/98hereas the detected ion has a mass of
801.4. The spectra were generated for ions irRtheharge state, meaning that an additional 16
Da on the neutral loss peak is unaccounted fors iStparticularly odd as it would almost
suggest a selective loss of the fucose instead Bffér the EGF3+5TF, which is difficult to
explain. Aside from this aberration, however, temainder of the MS2 spectrum indicates the
expected fragmentation ion for the EGF3 tryptictmip(Figure 4.11C). Next, the figure
indicates the EIC which shows the relative abundari¢he naked EGF3 peptide, EGF3+fucose
peptide, and the EGF3+5TF peptide, followed byaphbrshowing the relative abundance of each
species by calculating the AUC for the EIC of eatthcture (Figure 4.11D). A graph showing
the relative abundance of the glycopeptides ontgl(eling the EGF3 naked peptide) is also
displayed (Figure 4.11E). The results indicaté wigle the majority of the EGF3 remains
fucosylated, as in the control sample, small btectable levels of EGF3 naked peptide and
EGF3+5TF are detected. This result suggestsdban the case of POFUT2, 5TF is a mild
inhibitor of POFUT1, however the ability of 5TF ieplace fucose labeling of EGF3 is quite
limited at the concentration of 50 uM, as the vaajority of the EGF3 peptide exists as

EGF3+fucose.
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Figure 4.11: MS and MS2 spectra and EIC for the EGE-5 + 5TF sample. AMS spectrum
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neutral loss of the 5TF is expected to yield thecFB@aked peptide, but a structure with an
additional 16 Da is detected. EIC of the EGF3 peptides detected, followed by gtation of
the AUC.E. AUC quantitation for the glycopeptides only. Gragtangle, EGF3 peptide; red
triangle, fucose; black triangle, 5TF.
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4.5d. Effect of 2FF on POFUT1

Figure 4.12 shows the MS and MS2 spectra of th@itrpeptide containing EGF3 for
the sample in which 2FF was added. MS spectrth®oEGF3 naked peptide (Figure 4.12A),
EGF3+fucose peptide (Figure 4.12B), and EGF3+2Kfiges (Figure 4.12C) are clearly
detected. Confirmatory MS2 spectra show the exgeithgmentation ions of the EGF3
peptides, including the neutral loss of a fucosth&éEGF3+fucose spectrum and the neutral loss
of 2FF in the EGF+2FF spectrum. Next, the figundicates the EIC which shows the relative
abundance of the naked EGF3 peptide, EGF3+fucqaelpeand the EGF3+2FF peptide,
followed by a graph showing the relative abundasfaeach species by calculating the AUC for
the EIC of each structure (Figure 4.11D) and antaxd@l graph showing the relative abundance
of the glycopeptides only (Figure 4.11E). The hssimdicate that while the majority of the
EGF3 remains fucosylated, as in the control sangphall but detectable levels of EGF3 naked
peptide and EGF3+2FF are observed. This resiudebtanirrors that observed for 5TF (Figure
11), indicating that 2FF is a mild inhibitor of POF1, however the ability of 2FF to replace
fucose labeling of EGF3 is quite limited at the cemtration of 50 uM, as the vast majority of

the EGF3 peptide exists as EGF3+fucose.
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Figure 4.12: MS and MS2 spectra and EIC for the EGE-5 + 2FF sample. AMS and MS2
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spectra indicating the EGF3 naked peptBleMS and MS2 spectra indicating the EGF3 peptide
modified with fucose.C. MS and MS2 spectra indicating the EGF3 peptide fremtivith 2FF.

D. EIC of the EGF3 peptides detected, followed by gtetion of the AUC.E. AUC
guantitation for the glycopeptides only. Gray aggile, EGF3 peptide; red triangle, fucose;
black triangle, 2FF.
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4.6. Discussion

The use of fucose analogs as potential inhibbore fucosylation oN-linked glycans
was previously attempted by Okeley et al. in 28L& that paper, the authors examined the use
of 50 UM 6AF (called 5-alkynylfucose in their papand 2FF as potential inhibitors of core
fucosylation of theéN-linked glycan of an Ig@monoclonal antibody directed against CD70
carried out by FUT8 samples grown in Chinese hanastary (CHO) cells. The work in this
chapter expanded the Okeley analysis to additipralhsidering 5TF as well as examined the
impact of the fucose analogs as substrates oritnhstof POFUT1 and POFUT2 in addition to
FUT8. The work was carried out in HEK293T cellsldine mass spectrometric analysis carried
out by different instruments and methods. We #dsased on all three common subclasses of

lgG (GO, G1, and G2) whereas the Okeley analysigsed only on the GO subclass.

Where our analyses overlap, my data largely agmtesthat published by Okeley et al.,
in that we both observe inhibition of core fucosigla of a FUT8 target by 6AF, but whereas
Okeley et al. observed an even greater inhibitidRWI 8 with 2FF, my results suggest that 2FF
is only a mild inhibitor of FUT8. The discrepanisylikely explained by the fact that my
analysis was of samples grown in HEK293T cells whsrOkeley used CHO cells. Itis known
that glycosylation patterns of recombinant protgraduced in human cells differs from those
grown in CHO cell§'®, possibly explaining why Okeley only observed anchmented on the
GO subclass of glycosylations and also explainiegdifferences observed in samples generated
in CHO cells as compared to HEK293T cells in teahthe inhibitory potential of 2FF on

FUTS.
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4.7. Conclusions

6AF is a potent inhibitor of core fucosylationtb&N-linked glycan of the Fc heavy
chain of IgG carried out by FUT8, whereas 5TF aRB @nly mildly inhibited core fucosylation
of IgG. All fucose analogs partially inhibited oaé O-fucosylation by POFUT1 and POFUT?2
while simultaneously being used as substrates dgetfucosyltransferases and incorporated onto
mN1 EGF 1-5 and hTSP TSR 1-3. As substrates féfUPld and POFUT2, incubation of

HEK?293T cells with 200 uM of 6AF was the most effee method of labelin@-fucose targets.
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4.8. Materials and Methods
N-glycan purification and identification protocol

Media from transiently transfected HEK293T cetlnsfected with human 1gG and
supplemented with either 50 uM peracetylated 6AFe(Lechnologies, catalog #C10264), 5TF
(obtained from Vocadlo 13f%, 2FF (CarboSynth, product code MD06089), or ngidemented
with fucose analog, was collected after 72 holstein concentration and purity were assessed
by Coomassie Brilliant Blue (Thermo Scientific, Réard, IL) along BSA standards.
Approximately 1ug IgG was acetone precipitated with four volumest@uee, resuspended with
2x sample buffer, and subjected to SDS-PAGE, fafldwy transfer for 50 min at 0.40 A to
PVDF membrane (Millipore). Staining of the PVDFmi&rane with Direct Blue 71 (Sigma-
Aldrich, catalog #212407-50G) allowed visualizatmfiithe 19G bands, which were cut with a
clean razor and transferred to separate welldlat-@ottom polypropylene 96-well plate
(Corning). The remainder of the protocol direddijowed the previously described metfitd
Briefly, 100 uL of polyvinylpyrrolidone (PVP40; Siga-Aldrich, catalog #PVP40-50G) was
applied to each well, to block the membranes antsweorder to prevent nonspecific PNGaseF
enzyme binding. After shaking the plate and waglimee times with water, the water is
removed and 5 puL of PNGaseF enzyme (produced isehaoncentration ~5U/uL) was added
to each well, followed by 10 pL of water, and that@ placed in a 37 °C incubator overnight.
The next day, the plate is sonicated, the sampleach well are collected, and the wells are
washed twice and the washes are pooled with thelsamO pL of 2100 mM ammonium acetate
(pH 5) is added and incubated with each samplerierhour at room temperature, followed by
vacuum concentration of samples in a SpeedVac otrater (without heating) until dry. The
samples are then resuspended in 3% B mass spetgrdméer (A: 0.1% formic acid in water;
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B: 0.1% formic acid, 95% acetonitrile, 4.9% watanyg analyzed by nano-LC-MS/MS using the
“glycan chip” (Agilent, G4240-62003) on an Agilembdel 6340 ion trap mass spectrometer

using collision-induced dissociation (CID) as désed previously*®
O-linked glycan identification protocol

Glycopeptide analysis was done as described int€hap Briefly, media from
transiently transfected pSecTag Notch 1 EGF1-5 P&t TSP1 TSR1-3 HEK293T cells
supplemented with either 50 uM 6AF, 5TF, 2FF, drsupplemented with fucose analog, was
collected after 72 hours, bound to*NNTA, washed with 5 mL TBS containing 0.5M NaCl and
10 mM Imidazole, 5 mL cold RIPA buffer, and elutedh TBS containing 250 mM Imidazole.
Protein concentration and purity were assesseddoyn@ssie Brilliant Blue (Thermo Scientific,
Rockford, IL) along BSA standards. Approximatelyd EGF1-5 or TSR1-3 was acetone
precipitated with four volumes acetone, vortexeu] #iozen at -80C overnight. Precipitated
protein was reduced, alkylated, and typsinizedp¥edd by analysis by nano-LC-MS/MS using a
Zorbax 300SB-C18 nano-CHIP on an Agilent model 6@#0trap mass spectrometer using

collision-induced dissociation (CID) as previoudsscribed®
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Chapter 5: Conclusion
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5.1. Final Conclusions

In this dissertation, | have outlined my work wititose analogs. | was able to
demonstrate that POFUT1 and POFUT2 efficiently ipocate 6AF onto predicted-
fucosylated proteins mN1 EGF 1-5 and hTSP1 TSRréshectively, and that incorporation of

the fucose analog did not perturb the normal elbogaf the monosaccharide in those proteins.

| also demonstrated that 6AF-labeling of HEK293Tsceould be used as part of a
proteomics protocol to metabolically label and itifgnO-fucosylated proteins, specifically mN1
EGF 1-5, hTSP1 TSR 1-3, and ADAMTSL1 TSR1-4 (bo®HRIT1 and POFUT2 targets), but
that the method was only successful in the “prdedemcept” stage wher®-fucosylated
proteins were overexpressed. The ultimate gobeofg able to identify the far less abundant
amounts of endogenously expres€etlicosylated proteins was completely unsuccessful.
Nevertheless, improvements in mass spectral regojudreative new methods using novel tools
(like further pursuing the Bertozzi lab “IsoTag” thee Wu lab “supersensitive” click reagents),
or moving away from the biotin-streptavidin purétion may be helpful as part of new
approaches to tackling the proteomics puzzle aratking”’ theO-fucose proteome. In
particular, exploring the newly available azido-metic beads and performing “on-bead” click
chemistry as a way of retaining, without biotinydat 6AF-modified proteins is a particularly
tantalizing new approach which | would recommenthadirst experiment for an ambitious

future graduate student to pursue if he/she wishasther explore this project.

| have also confirmed that 6AF is a potent inhibtbFUT8 and can be used to
drastically reduce the amount of core-fucosylatgd, Ipotentially making 6AF a useful adjunct

to anticancer therapeutics as non-core fucosyla@peutic antibodies display far greater

124



potency than fucosylated antibodies in triggeringlendy-dependent cellular cytotoxicity,
enhancing an important mechanism of anticanceag®eitic antibodies. The other two fucose
analogs | tested, 5TF and 2FF, were poor substi@até4JT8, but did not have the inhibitory
gualities of 6AF and only marginally reduced theels of core fucosylation of IgG. 5TF and
2FF were also likely less efficiently utilized bPUT1 and POFUT2 compared to 6AF,
making 6AF the optimal fucose analog of the thesstetd both in labelin@-fucose targets by
POFUT1 and POFUT2 and in inhibiting core fucosyiatcarried out by FUT8. The methods |
have worked out in testing the fucose analogsheir ppotential as inhibitors are particularly
convenient, requiring a small amount of sample@1 4 a single 100-mm plate of cells) and
reliably generating data from metabolic labelingells to semi-quantitative %-inhibition results
in as little as a week. These methods can beyesddipted to screening dozens of additional

FUTS inhibitors in the future.

Several important future directions remain. Thekelation of theD-fucose proteome is
certainly a worthy endeavor, both for confirmingttimany of the predicted targets@f
fucosylation are indeed modified, but also for pla¢ential of discovering new targets©f
fucosylation. The knowledge that POFUT1 and POFWii@kout mice result in embryonic
lethality underscores the importancefucosylation, and understanding the mechanism(s) by
which disruptions irD-fucosylation result in such a severe phenotyperetlire generating a
list of O-fucosylated proteins as a necessary first stegitibdally, while 6AF is a potent
inhibitor of core fucosylation by FUT8, the datangeated suggest that 6AF does not completely
abrogate core fucosylation. Continuing work ongpo#UT8 inhibitors until such a compound
is discovered can be of enormous importance faréuanticancer therapeutics, as many

emerging anticancer drugs are monoclonal antibatkegyned to trigger ADCC. Finding an
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inhibitor that can completely eliminate core fudasipn could be part of an effective strategy to
generate core fucose depleted antibodies thatrdezsoof magnitude more potent than their core

fucosylated counterparts in triggering ADCC andi@aing desired clinical outcomes in cancer

patients.
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