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ABSTRACT 

 Domain-specific O-fucosylation is an unusual type of glycosylation, where fucose is 

directly attached to the serine or threonine residues of proteins via an O-linkage. O-fucosylated 

proteins play critical roles in a wide variety of biological events, with the most prominent being 

the Notch receptors. To date, only two types of domain-specific O-fucosylation have been 

identified in mammals: Protein O-fucosyltransferase (POFUT) 1-mediated O-fucosylation of 

Epidermal Growth Factor-like (EGF) repeats and POFUT2-mediated O-fucosylation of 

Thrombospondin Type 1 Repeats (TSRs). Both enzymes recognize a folded domain structure 

with specific O-fucose consensus sequences. Recently, a novel domain-specific O-fucosylation 

was identified on the Elastin Microfibril Interface (EMI) domain of Multimerin-1 (MMRN1) 

with an undefined POFUT. In Chapter 2, we present evidence that FUT10 and FUT11 are indeed 

POFUTs responsible for modifying EMI domains; thus, we renamed them POFUT3 and 

POFUT4, respectively. Similar to POFUT1 and POFUT2, POFUT3 and POFUT4 require folded 

EMI for efficient modification, function in the ER, and participate in a non-canonical ER quality 

control pathway. 



 Glycoproteomic analysis of intact O-fucosylated peptides remains a key challenge due to 

several inherent obstacles, including low abundancy and lack of oxonium ions for confident 

assigning. In Chapter 3, we labeled POFUT1/2 target proteins with an O-fucose-specific tag, 

Fuc6nyl*, which greatly improved the mass spectrometric analysis of glycopeptides by 

generating high-intensity, O-fucose specific diagnostic ions and increasing charge density of 

precursor ions (Fuc6nyl* does not label POFUT3/4 target proteins). Leveraging Fuc6nyl*, we 

developed a glycoproteomic workflow for profiling the O-fucose proteome of POFUT1/2, which 

efficiently enriched and identified fucosylated peptides, covering both predicted O-fucose sites 

and unexpected O-fucose sites. We envision this workflow will expand the O-fucose proteome of 

POFUT1/2 and broaden our target pool for research. 

 Together these findings advance our knowledge of O-fucosylation by unveiling two 

novel POFUTs and providing tools for identifying previously unknown targets for POFUT1 and 

2. Our understanding of these newly identified POFUTs and protein targets is still in its infancy; 

the work presented here provides an entry point to this emerging field of O-fucosylation. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction 

Fucosylated glycan structures are broadly observed in a wide variety of organisms and play 

important roles in numerous physiological and pathological processes, including ABO blood 

group histocompatibility, immune modulation, and cellular signal transduction. Two unique 

features distinguish fucose from other six-carbon sugars: an L-configuration and the absence of a 

hydroxyl group on the C-6 carbon. Fucose is typically found as terminal or core structures on 

glycans added by Golgi-localized fucosyltransferases (FUTs), but it can also be directly linked to 

proteins through an O-linkage to the hydroxyl groups of serines or threonines in proteins with 

specific domains. This domain-specific O-fucosylation is mediated by ER-localized protein O-

fucosyltransferases (POFUTs). A growing body of research has demonstrated the biological 

importance of O-fucosylation. In this review, I will present an overview of our current 

knowledge of O-fucosylation, integrating the latest findings, and with a particular focus on its 

biological functions and molecular mechanisms. 

 

1.2 GDP-fucose synthesis and transport 

All FUTs utilize guanosine diphosphate (GDP)-fucose as a donor to transfer fucose to acceptor 

molecules. GDP-fucose is synthesized in the cytosol and then transported into the Golgi or 

endoplasmic reticulum (ER), where it is used by Golgi-localized FUTs or POFUTs, respectively. 
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In mammals, GDP-fucose is synthesized via two pathways: the de novo pathway and the salvage 

pathway (Figure 1.1). The de novo pathway produces GDP-fucose from mannose or glucose, 

while the salvage pathway generates GDP-fucose from exogenous fucose or fucose salvaged 

from glycoconjugate degradation. 

 

1.2.1 De novo pathway 

In the de novo pathway, GDP-mannose that is derived from either mannose or glucose, is 

converted into GDP-fucose. This transformation involves three reactions catalyzed by two 

enzymes and includes a keto-containing intermediate. GDP-mannose 4,6-dehydratase (GMD) 

catalyzes the initial reaction, converting GDP-mannose into GDP-4-keto-6-deoxymannose (1). 

This intermediate is epimerized to GDP-4-keto-6-deoxygalactose and then reduced to yield 

GDP-fucose, with both reactions catalyzed by GDP-L-fucose synthase (FX), a dual-functional 

enzyme acting as both an epimerase and a reductase (2). 

 

1.2.2 Salvage pathway 

In the salvage pathway, the source of fucose is provided by exogenous fucose from the diet or 

fucose released from the lysosomal degradation of glycoproteins or glycolipids (3, 4). Free 

fucose in the cytosol is firstly phosphorylated by L-fucose kinase (Fucokinase), forming fucose-

1-phosphate, and is then converted to GDP-fucose by Fucose-1-phosphate guanylytransferase (5, 

6). Exogenous fucose must be transported across cell membranes to present in the cytosol, the 

mechanism behind this transportation remained largely unknown for decades (7). Recently, Ng et 

al., identified GLUT1 (encoded by SLC2A1) as a cell membrane fucose transporter using an 
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siRNA screen of ~140 annotated transporter genes in HCT116 cells (8). They also demonstrated 

that macropinocytosis plays a role in cellular fucose uptake. 

 

1.2.3 GDP-fucose transport and cellular GDP-fucose pool 

GDP-fucose synthesized in the cytosol is then transported to the Golgi and ER. The major Golgi 

GDP-fucose transporter in mammals is SLC35C1 (9, 10). Lu et al. recently showed that 

SLC35C1 knockout in HEK293T cells led to a significant decrease, without complete loss, of O-

fucosylation of Epidermal Growth Factor-like (EGF) repeats and thrombospondin type 1 repeats 

(TSRs) in the ER, implicating crosstalk between the Golgi GDP-fucose pool and ER GDP-fucose 

pool (11). Additionally, Slc35c1 knockout in mice is embryonic lethal with skeletal defects 

typical of impaired Notch signaling, and phenotypes that overlap with those observed in Pofut1 

knockout mice embryos. SLC35C2, a homologue of SLC35C1, is predicted to be a GDP-fucose 

transporter. However, SLC35C2 knockout in HEK293T cells had no impact on Golgi 

fucosylation or ER O-fucosylation, and no developmental defects were observed in Slc35c2 null 

mice, indicating it is not a GDP-fucose transporter. Although an ER GDP-fucose transporter has 

been identified in Drosophila, its human ortholog, SLC35B4, is localized in the Golgi and has 

been demonstrated as a UDP-xylose/GlcNAc transporter (12). The mammalian ER GDP-fucose 

transporter remains to be identified. 

The salvage pathway is believed to contribute only a minor portion to the cellular GDP-fucose 

pool, based on studies in the 1970s that utilized exogenous 3H-fucose as a metabolic tracer (13, 

14). However, oral fucose supplementation has proven to be an effective therapy for SLC35C1-

CDG (LAD II) and GFUS-CDG patients with defects in GDP-fucose transportation or de novo 

synthesis (CDG: congenital disorders of glycosylation) (15). This suggests that the salvage 
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pathway has the capacity to enhance GDP-fucose production, thus compensating for deficiencies 

in the transport or de novo synthesis of GDP-fucose. Recent studies revealed that GDP-fucose 

originating from exogenous sources, salvaged from degradation, or de novo synthesized, is 

stored in separate and distinct pools (16, 17). These pools communicate with each other to tightly 

maintain the total GDP-fucose pool at a constant level. Feedback inhibition of GMD and 

Fucokinase likely plays a role in this regulatory mechanism, as GDP-fucose is a potent 

competitive inhibitor for both enzymes, allowing efficient fine-tuning of individual pool sizes 

(18-20). 

 

1.3 Fucosyltransferases (FUTs) 

FUTs catalyze the transfer of a fucose residue from the donor substrate GDP-fucose to acceptor 

molecules, including oligosaccharides, glycoproteins, glycolipids, and glycoRNAs (21-24). To 

date, 13 FUTs have been identified in mammals based on conserved sequences that are involved 

in GDP-fucose binding (Figure 1.2). These FUTs are classified into α1-2, α1-3/4, α1-6 FUTs, 

and protein O-FUTs (POFUTs), based on their distinct fucose linkages. While POFUTs are ER-

localized soluble proteins, all other FUTs are type II transmembrane proteins localized in the 

Golgi. 

 

1.3.1 Golgi-localized FUTs 

The Golgi-localized FUTs include FUT1-9, all of which transfer fucose to glycan structures as 

terminal or core modifications. FUT1, FUT2, and Sec1 (non-functional protein encoded by a 

pseudogene) are α1-2 FUTs that belong to the CAZy glycosyltransferase family GT-11 (25, 26). 

FUT1 and FUT2 are responsible for synthesizing the H antigens, which serve as fucosylated 
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precursors for the A and B oligosaccharide structures in the ABH blood group system (27, 28). 

They exhibit distinct tissue expression patterns and acceptor specificities. FUT1 (H) is primarily 

expressed on erythrocyte membranes and vascular endothelium, with a preference for modifying 

type II structures, whereas FUT2 (Se) is predominantly expressed in epithelial cells and exocrine 

secretions and is more active on type II structures. FUT3-7 and FUT9 are α1-3/4 FUTs that 

belong to the CAZy glycosyltransferase family GT-10, all of which have α1-3 activity, except 

FUT3 and FUT5, which also possess α1-4 activity (29-34). These FUTs are involved in the 

synthesis of the complex series of Lewis antigen epitopes (i.e., Lewisx, Lewisy, Lewisa, Lewisb, 

Sialyl-Lewisx, Sialyl-Lewisa) with distinct acceptor specificities. The biological roles of the ABH 

and Lewis antigens have been previously reviewed in detail (35). FUT8 is the only α1-6 FUT 

that identified in mammals, belonging to the CAZy glycosyltransferase family GT-23 (36, 37). 

FUT8 catalyzes N-glycan core fucosylation by transferring a fucose moiety to the innermost 

GlcNAc residue of the chitobiose unit. Core fucosylation plays critical roles in the regulation of 

antibody-dependent cellular cytotoxicity (ADCC) and serves as a biomarker for various types of 

cancer (38, 39). 

Additionally, based on sequence homology to known α1-3/4 FUTs, FUT10 and FUT11 were 

postulated to be α1-3 FUTs. However, as will be detailed in Chapter 2, substantial experimental 

evidence confirms that these enzymes function as POFUTs rather than α1-3 FUTs. 

 

1.3.2 ER-localized POFUTs 

Unlike the Golgi-localized FUTs that transfer fucose to glycan structures, POFUTs add fucose 

directly to the hydroxyl residues of serines or threonines of proteins through an O-linkage. In 

mammals, only two POFUTs have been identified: POFUT1 (CAZy family GT-65) and 
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POFUT2 (CAZy family GT-68) (40-43). POFUT1 contains a C-terminal KDEL-like sequence 

that retains it in the ER. While POFUT2 does not contain the ER retention sequence, it is 

proposed to retain in the ER by association with other protein that contain retention sequences. 

Both POFUTs mediate domain-specific O-fucosylation and are highly specific for their 

respective substrates (44). 

 

POFUT1 

The unique fucose-protein linkage was initially identified in the urinary-type plasminogen 

activator (urokinase) using mass spectrometry (45, 46). This O-fucose monosaccharide was 

located on the single Epidermal Growth Factor-like (EGF) domain of urokinase within a 

sequence C2XXGG[S/T]C3 (where C2 and C3 are the second and third cysteine in the EGF, S/T is 

the modified site). EGF is a small protein domain with ~40 amino acids, featuring six highly 

conserved cysteines that form three disulfide bonds (Figure 1.3). Soon after, more proteins with 

O-fucose monosaccharide or elongated tetrasaccharide were identified, all containing one or 

more EGF repeats, including t-PA (47), coagulation factor VII (48), factor XII (49), and factor 

IX (50). These discoveries sparked an intensive investigation to identify the enzyme responsible 

for this modification. The Spellman group developed an enzymatic assay to test O-

fucosyltransferase activity (51). Interestingly, using extracts from Chinese hamster ovary (CHO) 

cells as the enzyme source, they observed activity when employing the complete EGF domain 

from human factor VII (bacterially expressed, unmodified) as the acceptor substrate, but not with 

synthetic peptides containing the consensus sequence. This indicates that the enzyme requires a 

properly folded EGF structure for its activity, which sets it apart from other N-glycan-modifying 

FUTs. Using this complete EGF domain from human factor VII (bacterially expressed) as bait, 
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the enzyme (O-FucT-1) was successfully purified from CHO cells by the same group (52). The 

sequence of O-FucT-1 was used in a screening of a human cDNA library and led to the 

identification of the human POFUT1 gene (53). Homologues in mice (Pofut1), Drosophila 

(Ofut1), and C. elegans (pofut1) were also identified. The POFUT1 gene is highly conserved in 

mammals and shows ubiquitous expression in all tissues examined, indicating the potential 

important biological roles of O-fucosylation. 

Our knowledge on POFUT1-mediated EGF O-fucosylation has largely expanded as more protein 

targets have been uncovered and increased research efforts on exploring the biological functions. 

A refined consensus sequence C2XXXX[S/T]C3 was proposed to include a broader set of O-

fucose sites (54-56). Database searches with this consensus sequence in the context of an EGF 

repeat identified 87 putative protein targets for POFUT1 (splice variants are not included) (Table 

1.1) (23). However, the O-fucosylation status of many of these proteins is yet to be confirmed.  

Heterozygous mutations of POFUT1 in human causes a rare skin condition known as Dowling-

Degos Disease, characterized by skin pigmentation abnormalities (57). Pofut1 knockout in mice 

is embryonic lethal with multiple severe developmental defects, particularly in somitogenesis. 

These phenotypes are similar to those observed in Notch1 knockout mice embryos, indicating 

Notch as the primary biological target of POFUT1 in embryogenesis (58, 59). The Notch family 

proteins possess more predicted sites for POFUT1 modification than any other proteins and are 

the most extensively studied POFUT1 targets (60). Notch is a key regulator in a variety of 

developmental processes (61). O-fucosylation of Notch is essential for its proper functioning in 

processes like the Notch-dependent regulation of lymphopoiesis and myelopoiesis (62). The 

extracellular domain of Notch is heavily decorated with O-fucose glycans (63). A substantial 

number of O-fucose glycans are elongated to GlcNAcβ1-3Fucose disaccharide by the Fringe 
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family of β3-N-acetylglucosaminyltransferases, and can be further elongated to a tetrasaccharide, 

Siaα2-6Galβ1-4GlcNAcβ1-3Fuc (54, 63-66). Interestingly, O-fucose glycans on distinct EGF 

repeats play varying roles in the regulation of Notch activity. O-fucose residues on EGF8 and 

EGF12 of NOTCH1 directly interact with ligands, Delta-like 1 and Jagged1, and their binding is 

further enhanced by Fringe modifications (67-69). However, Fringe modifications on EGF6 and 

EGF36 inhibit NOTCH1 activation by Jagged1 (70). Through the regulation of POFUT1, Fringe, 

and several other O-glycosyltransferases associated with Notch, cells can dynamically fine-tune 

Notch activity to accommodate environmental changes. 

 

POFUT2 

The discovery of O-fucose on thrombospondin type 1 repeats (TSRs) occurred later than the 

identifying of O-fucose on EGF domains. Similar to EGF, TSR is a small protein domain that 

contains six cysteines forming three disulfide bonds, albeit with distinct bonding patterns (Figure 

1.3). The O-fucose on TSRs was initially identified as Glc-Fuc disaccharides on 

thrombospondin-1 by Hofsteenge et al., while mapping sites for C-mannosylation (71). An initial 

consensus sequence was proposed as C1SX[S/T]C2G, which has been further refined to 

C1XX[S/T]C2 (group 1 TSRs) and C2XX[S/T]C3 (group 2 TSRs) through the comparison of 

additional TSR O-fucose sites identified later and site-mutagenesis studies of TSR structures (72-

74). Note that group 1 TSRs and group 2 TSRs have different disulfide bonding patterns (group 

1: C1-C5, C2-C6, C3-C4; group 2: C1-C4, C2-C5, C3-C6), but both can be O-fucosylated (75, 76). 

Tryptophan frequently appears upstream of the consensus sequence. While it does not appear to 

be necessary for O-fucosylation, tryptophan residues intercalate with the conserved arginine 

residues in TSRs, forming a characteristic tryptophan-arginine ladder that forms the core of the 
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TSR fold (77). Tryptophan also serves as a potential site for C-mannosylation (consensus 

sequence WXXW) that provides further support for the folding of TSR structures (77, 78). An 

enzyme distinct from POFUT1 was proposed for adding O-fucose to TSRs, since purified, 

recombinant POFUT1 was unable to catalysis this reaction (44). Recombinant Drosophila Ofut2, 

a homologue of Drosophila Ofut1, was shown to have the capability to O-fucosylate TSRs (41). 

Homologues of Ofut2 were also identified in the human (POFUT2), mouse (Pofut2), and C. 

elegans (pofut2) genomes. 

Like POFUT1, POFUT2 is ER localized and requires a folded TSR structure for modification. 

The fact that both POFUT1 and POFUT2 can discern folded substrate structures has led to the 

hypothesis that they participate in a non-canonical quality control process for protein folding, 

which will be discussed in more detail later. Pofut2 knockout in mice is embryonic lethal (79). 

These embryos die in mid-gastrulation with extensive mesoderm differentiation, suggesting that 

POFUT2 is a key modulator of gastrulation. Database searches with POFUT2 O-fucose 

consensus sequence in the context of a TSR identified 49 putative protein targets (splice variants 

are not included) (Table 1.2) (23). Notably, most of these targets are components of the 

extracellular matrix, with over half belonging to the A-Disintegrin and Metalloproteinase with 

ThromboSpondin Type-1 motifs (ADAMTS) family. Adamts9 knockout in mice leads to early 

embryonic lethality with phenotypes mirroring those observed in Pofut2 knockout embryos (80). 

This strongly suggests that the gastrulation defects observed in Pofut2 knockout embryos are 

primarily due to the loss of O-fucosylation of ADAMTS9, emphasizing that O-fucosylation is 

essential for the biological function of POFUT2 protein targets. The O-fucose on TSR can be 

elongated with a glucose by β3-glucosyltransferase (B3GLCT). While no human mutations in 
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POFUT2 are identified, mutations in B3GLCT lead to a human developmental disorder named 

Peters Plus Syndrome (PTRPLS), which will be discussed in more detail later (81). 

 

1.4 O-fucosylation: physiological and pathological significance 

1.4.1 Regulation of lymphoid and myeloid cell development by Notch O-fucosylation 

As previously mentioned, Notch is a key regulator in various developmental processes, 

frequently influencing cell fate decisions at multiple stages as cells differentiate toward specific 

cell types. In hematopoiesis, proper Notch signaling is essential for the survival, proliferation, 

and cell fate determination at various stages of lineage commitment, including myeloid cell 

production in bone marrow, T cells development in thymus and marginal zone (MZ) B cells 

development in spleen (Figure 1.4). O-fucose glycans incorporated to Notch extracellular 

domain by POFUT1 and further elongated by Fringe modulate the strength of Notch signaling, 

thus playing critical roles in these Notch-regulated programs. 

Throughout adult life, blood cell production is maintained by a group of pluripotent 

hematopoietic stem cells (HSCs) located in the bone marrow. HSCs generate multipotent 

progenitor populations (MPPs) with increased lineage-specific potentials. Within this MPP pool, 

lymphoid-primed MPPs (LMPP or MPP4) subsequently give rise to common lymphoid 

progenitors (CLPs) and common myeloid progenitors (CMPs), which are committed to the 

lymphoid lineage (T, B, and natural killer cells) and the myeloid lineage (neutrophils, monocytes, 

erythrocytes, and more), respectively (82). Notch signaling influences this decision by favoring a 

lymphoid over myeloid lineage outcome (83, 84). Conditional knockout Pofut1 in mice HSCs 

within bone marrow leads to reduced T lymphopoiesis in thymus and reduced marginal-zone B 

cells production in spleen, whereas myeloid cells in bone marrow were increased (85). 
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Restoration of Notch1 signaling rescued these phenotypes. The Pofut1 knockout in HSCs 

completely abrogated the binding of cell surface Notch with Delta ligands and suppressed the 

activation of downstream Notch target genes. In another study, the selective deletion of the 

Notch ligand DLL4 in bone-producing osteocalcin (Ocn)-expressing cells, which highly express 

DLL4 in the bone marrow, results in a decrease in intrathymic T cell precursors and the 

production of mature T cells (86). These findings suggest that Notch O-fucosylation is essential 

for maintaining hematopoietic lineage homeostasis by promoting lymphoid development and 

suppressing overt myelopoiesis. Interestingly, pan-Notch inhibition through the conditional 

deletion of RBP-Jκ led to more severe phenotypes than the deletion of Pofut1 in HSCs, 

suggesting other O-glycans on Notch may contribute to this Notch-regulated process. The roles 

of other Notch O-glycans in hematopoiesis were recently reviewed in detail (62). 

T cell maturation takes place in the thymus, where lymphocyte precursors released from the bone 

marrow migrate through blood vessels and colonize the thymus as thymus-seeding progenitors 

(TSPs). Upon entering the thymus, these cells initiate a differentiation process that includes 

crucial events such as T cell lineage commitment and the choice between αβ and γδ T-cell 

lineages, as they migrate from the corticomedullary junction towards the outer cortical zone. 

During this migration, the progenitor cells traverse a network of thymic stromal cells that express 

Notch ligands, initiating Notch signaling in the progenitor cells and guiding them through the 

differentiation programs. The requirement of Notch signaling in T cell development is well-

documented. TSPs possess robust potential to generate non-T cell lineages, including B cells, 

myeloid cells, and dendritic cells (DC) (87). NOTCH1-DLL4 signaling compels these cells to 

commit to a T cell fate while simultaneously suppressing their potential to adopt other lineages. 

Disrupting Notch signaling in HSCs through conditional deletion of Notch1 or RBPJκ blocks 
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early-stage T cell development, causing T cell progenitors to differentiate into B cells and 

myeloid cells in the thymus (88-91). By using fucose analogs (6-alkynyl fucose and 6-alkenyl 

fucose) that incorporate into Notch and specifically inhibit Delta-induced Notch signaling in an 

in vitro OP9 co-culture system, the differentiation of bone marrow stem cells into T cell 

progenitors was completely abolished, indicating the important roles of O-fucose in Notch-

regulated T cell lineage commitment. Interestingly, overexpression of Lfng in the thymus, which 

enhances Notch binding with Delta ligands, unexpectedly inhibits Notch activation in TSPs (90). 

This is because when Lfng is overexpressed in CD4/CD8 double-negative (DN) 3 and CD4/CD8 

double-positive (DP) cells, it transforms them into ‘super-competitors’ for the limited 

intrathymic niches supplying Delta ligands (92). This limits the access of early T-cell progenitors 

towards these ligands, which are needed for the required Notch signaling for their differentiation. 

NOTCH2-DLL1 signaling is required for the development of marginal zone (MZ) B cells in the 

spleen (93, 94). Conditional delete Pofut1 in HSCs reduced marginal-zone B cells production in 

spleen (85). Although neither Lunatic Fringe (Lfng) nor Manic Fringe (Mfng) is indispensable 

for MZ B cell development, the loss of both Fringes significantly impairs the production of MZ 

B cells in spleen (95). Therefore, Lfng and Mfng cooperatively enhance the NOTCH2-DLL1 

signaling to promote the development of MZ B cells. 

 

1.4.2 Cancer with altered O-fucosylation 

Notch signaling plays diverse roles during development and tissue homeostasis. A growing 

number of cancers are linked to dysregulated Notch signaling, where Notch can act as either an 

oncogene or a tumor suppressor, depending on the cellular context (96). As a crucial regulator of 

Notch signaling, altered O-fucosylation is commonly observed in cancer. Here, we highlight 
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prototypical cancers where altered O-fucosylation plays a role in their pathological mechanisms. 

This alteration can involve changes in POFUT1 levels or activity, or mutations in Notch that 

impact its O-fucosylation. 

POFUT1 is localized in the chromosomal region 20q11.21, which is frequently amplified in 

colorectal cancer (CRC) (97). This copy number variations (CNVs) in CRC results in elevated 

POFUT1 expression in tumors compared to non-tumor adjacent tissues (98). The high expression 

of POFUT1 in CRC from stage I is associated with the metastatic process. ShRNA-mediated 

knockdown of POFUT1 downregulates NOTCH1 signaling, leading to decreased cell 

proliferation, migration, and induced apoptosis in CRC cells in vitro, as well as suppression of 

CRC tumor growth and transplantation in vivo (99). In less frequent CRC cases with no 

chromosomal amplification and POFUT1 overexpression, gain-of-function mutations in 

POFUT1 have been identified, potentially contributing to tumor progression (99). POFUT1 is 

overexpressed in hepatocellular carcinoma (HCC), and its high expression correlates with poor 

prognosis in HCC patients (100, 101). Elevated POFUT1 levels accelerated the proliferation and 

migration of HCC cells and increased their binding to DLL1, consequently enhancing Notch 

signaling activity. Overexpression of POFUT1 is also observed in glioblastoma (102, 103), 

gastric cancer (104), oral cancer (105), and breast cancer (106), correlating with increased Notch 

activity and aggressive phenotypes, such as increased cell proliferation, invasion, metastasis, or 

larger tumor size. Interestingly, in cancer types where Notch functions as a tumor suppressor, 

such as in muscle-invasive bladder cancer (MIBC), low levels of POFUT1 mRNA are associated 

with poor survival in MIBC patients after radical cystectomy (107, 108). These findings 

highlight the potential of POFUT1 as a diagnostic marker and therapeutic target for these cancers. 
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In anaplastic large cell lymphoma (ALCL), the Notch pathway ranks among the pathways that 

are most enriched in mutations through gene-set enrichment analysis. NOTCH1 p.T311P 

(eliminate O-fucose site on EGF8) and p.T349P (eliminate O-fucose site on EGF9) missense 

mutations were found in patients’ tumor samples by whole-exome sequencing (109). 

Interestingly, overexpression of these mutations in HEK293T cells led to increased proliferation 

compared to cells with wild-type NOTCH1. While the detailed mechanism remains unclear, this 

suggests a correlation between alterations in specific O-fucose sites on NOTCH1 and cancer. 

Recently, by using glycoproteomic site mapping and cell-based Notch assays, nine cancer-

associated Notch variants were investigated to determine their impact on Notch O-fucosylation, 

ligand binding and signaling activity (110). Two variants led to a gain of function in 

NOTCH1(G310R and T311P), six led to a loss of function (G310R, T311P, G347S, T349P, 

D464N, and A465T), and one had minimal effects (G230R). This suggests that point mutations 

in Notch can alter its O-fucosylation, consequently affecting Notch signaling activity and being 

linked to cancer-related processes. 

 

1.4.3 Peters plus syndrome (PTRPLS) 

Failure to add glucose to O-fucose on TSRs causes human Peters plus syndrome (PTRPLS, MIM 

#261540), an autosomal recessive congenital disorder of glycosylation (CDG) characterized by 

Peters anomaly of the eye (anterior eye chamber segment dysgenesis), craniofacial defects 

(widened forehead and cleft lip/palate), short stature, brachydactyly, and developmental delay 

(81). PTRPLS is caused by loss-of-function mutations in β3-glucosyltransferase (B3GLCT), an 

enzyme responsible for extending O-fucose monosaccharide to the glucose-β1,3-fucose 

disaccharides on TSRs (111, 112). PTRPLS-like patients only share a subset of phenotypes 
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observed in PTRPLS patients, and some of them also have missense mutations in B3GLCT (111). 

In contrast to PTRPLS mutations that lead to a complete loss of enzymatic activity, PTRPLS-like 

mutations retained enzymatic activity with only minor destabilizing effects (113). This partially 

explained the milder phenotypes observed in PTRPLS-like patients. 

Over half of the putative POFUT2 targets are members of the ADAMTS/ADAMTS-like family, 

suggesting that these proteins could be the primary biological targets for B3GLCT. These 

secreted ADAMTS proteases and non-catalytic members of the family (ADAMTS-like proteins) 

are important components of the extracellular matrix (ECM), and are implicated in diverse 

biological events, including embryogenesis and angiogenesis (114, 115). Numerous congenital 

disorders caused by mutations in ADAMTS/ADAMTS-like genes display overlapping phenotypes 

with PTRPLS patients. For instance, mutations in ADAMTSL2 cause human Geleophysic 

dysplasia 1 (GPHYSD1, MIM #231050), where patients exhibit overlapped phenotypes such as 

short stature and short hands and feet (116, 117). Mutations in ADAMTS10 cause Weill-

Marchesani syndrome 1 (WMS, MIM #277600), with overlapped phenotypes including short 

stature, brachydactyly and eye anomalies (118). These suggest that impaired O-fucosylation of 

the ADAMTS/ADAMTS-like family is likely the primary biological mechanism responsible for 

the phenotypes observed in PTRPLS patients. 

POFUT2 and B3GLCT are demonstrated to mediate a noncanonical ER quality-control process 

for the secretion of TSR-containing proteins (molecular details will be discussed later) (119). 

POFUT2 is required for the secretion of all ADAMTS/ADAMTS-like proteins tested to date 

[ADAMTS6 (120), ADAMTS9 (121, 122), ADAMTS10 (120), ADAMTS13 (119), 

ADAMTS17 (123), ADAMTS20 (121), ADAMTSL1 (119), ADAMTSL2 (119)], whereas the 

impact of B3GLCT on secretion varied among proteins. For instance, secretion of ADAMTS20, 
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ADAMTSL1, and ADAMTSL2 is profoundly reduced with B3GLCT knockdown/out (119, 121). 

In contrast, ADAMTS9 and ADAMTS13 secretion is moderately reduced by 20%, and 

ADAMTS17 secretion is unaffected (119, 121-123). Considering the early embryo lethality 

observed in Pofut2-null mice and the less severe phenotypes in PTRPLS patients, it implies that 

the pathology of PTRPLS is due to defects in a specific subset of POFUT2 targets that are 

sensitive to the loss of extended glucose. 

 

1.4.4 Other biological processes where O-fucosylation may play a role 

In addition to the biological events discussed above, O-fucose glycans have been identified in 

numerous other biologically important proteins, where they play crucial roles in modulating 

protein function. POFUT1-mediated O-fucosylation of Agrin, a key regulator of postsynaptic 

differentiation at the neuromuscular junction (NMJ), has been demonstrated to determine its 

acetylcholine receptor clustering activity (124). The O-fucose moiety on TSR3 of BAI1, added 

by POFUT2, directly interacts with the RTN4 receptor, enabling high-affinity interactions that 

regulate neuronal development (125). Mutating the O-fucose site within the EGF domain of 

Multimerin-1, an essential platelet component supporting platelet adhesion and thrombus 

formation, resulted in a complete loss of its secretion, implying an as-yet-unidentified role for 

POFUT1 in platelet functions (126). We envision that a deeper profiling of the O-fucose 

proteome will uncover more biological significance of O-fucosylation in the future. 
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1.5 Molecular mechanisms of how O-fucose regulates protein functions 

1.5.1 O-fucosylation forms direct contacts with binding partners 

Out of the 36 EGF repeats in the extracellular domain of mouse NOTCH1, 20 contain the O-

fucose consensus sequence, and 17 have been confirmed to be modified at high stoichiometries 

(70). Similar results were observed in drosophila NOTCH and mouse NOTCH2 (127, 128). 

These heavily decorated O-fucose glycans are required for the proper function of Notch. 

Through the examination of individual O-fucose effects on NOTCH1 activity via site-directed 

mutagenesis, it was found that O-fucose on EGF8 and EGF12 had the most significant impact on 

the binding of NOTCH1 with DLL1 and JAG1 ligands (70). Similar results were obtained with 

NOTCH2 (127). In vitro assays using purified human NOTCH1 EGF11-13 also demonstrated 

that the addition of O-fucose enhanced its binding to DLL1 and JAG1 ligands (69). 

Evidence confirming the direct interaction of O-fucose on NOTCH1 EGF8 and EGF12 with 

ligands is provided by two co-crystal structures: one between a portion of NOTCH1 ligand-

binding domain (EGF11-13) and a portion of DLL4 (67), and the other between the NOTCH1 

ligand-binding domain (EGF8-12) and a portion of JAG1 (Figure 1.5) (68). Both co-crystal 

structures showed direct contacts between O-fucose on EGF12 with the backbone and side-chain 

residues of both ligands. The NOTCH1-JAG1 structure also showed a direct contact of O-fucose 

on EGF8 with JAG1. Unlike many other glycan modifications, O-fucose residues display 

thermal mobility comparable to amino acids, acting as ‘surrogate amino acids’ to form specific 

and essential contacts with residues on binding partners, thereby facilitating ligand binding. This 

direct intermolecular interaction generated by O-fucose glycans in protein-protein interactions 

was also observed in the co-crystal structure of BAI1 with RTN4 receptor (Figure 1.5) (125). 
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1.5.2 O-fucosylation generates intramolecular interactions that stabilize protein domains and 

facilitate secretion 

The appropriate pairing of cysteines to form correct disulfide bonds is a crucial step during 

protein folding in the secretory pathway, and this presents a particular challenge for proteins that 

contain cysteine-rich domains such as EGFs and TSRs. It provides a strategic rationale for cells 

to evolve dedicated quality-control mechanisms to meet the specialized requirements for the 

folding of these proteins. As mentioned above, both POFUT1 and POFUT2 only modify 

properly folded domain structures and localized in the ER. These led to the hypothesis that the 

ER-localized POFUTs participate in a non-canonical ER quality control system for the folding 

and secretion of proteins containing cysteine-rich domains. 

In co-crystal structures of mouse POFUT1 with EGF domains from Notch, the binding interface 

between POFUT1 and EGF showed a high degree of complementarity, with approximately one-

third of the EGF's surface area being deeply embedded within the groove of POFUT1 (129). The 

EGF region that contains O-fucose consensus motif C2XXXX[S/T]C3 is buried at the bottom and 

the hydroxyl group of serine or threonine to be modified is precisely oriented to the position 

necessary for the fucose transfer. Similarly, in co-crystal structures of Caenorhabditis elegans 

POFUT2 (CePOFUT2) with human TSR1, nearly half of the TSR1 is embedded within the 

groove of CePOFUT2 (72). These ‘hand-in-glove’ complementary interactions between enzymes 

and their respective protein domain structures elegantly explain why the enzyme necessitates a 

folded structure and a specific consensus sequence for modification. 

The addition of an O-fucose to EGF or TSR domain stabilizes the folded structures and protects 

them from unexpected unfolding due to environmental factors. O-fucosylated EGF repeats and 

TSRs showed a significantly reduced unfolding rate in reductive unfolding assay compared to 
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their unmodified counterparts (119, 130). Additionally, the refolding of unmodified TSRs was 

accelerated in the presence of POFUT2 and GDP-fucose in vitro, whereas the addition of 

POFUT2 alone did not have the same effect (119). This implies that the transferred O-fucose, 

rather than POFUT2, contributes to the acceleration of the folding rate. Recently, through a 

combination of MD simulations, X-ray crystallography, and NMR, it was demonstrated that the 

O-fucose glycans on TSR3 of THBS1 generate intramolecular interactions with adjacent amino 

acids and shield the C2-C6 disulfide bond to protect it from reduction (131). This stabilizing 

effect generated by the O-fucose glycans drives the domain into an energy well, preventing the 

domains from re-entry into the folding cycle, and consequently facilitating protein folding and 

secretion. In line with this, several studies have shown that disruptions in O-fucosylation lead to 

defects in protein secretion. As mentioned previously, knockdown or knockout of POFUT2 in 

cells eliminates the secretion of all ADAMTS/ADAMTS-like proteins tested to date. 

Knockdown of drosophila Ofut1 led to reduced cell surface expression of NOTCH and its 

accumulation in the ER. Interestingly, this secretion defect can be partially rescued by an 

enzymatically inactive form of POFUT1 (R240A mutant), suggesting that POFUT1 might 

possess chaperone activity independent of its enzymatic function (132). However, mice carrying 

POFUT1 with point mutations at the equivalent position exhibited severe defects in somite 

formation, resembling those observed in Pofut1 null mice (133). Additionally, the POFUT1 

R240A mutant showed significantly reduced effectiveness in rescuing Notch signaling in 

POFUT1 knockout U2OS cells when compared to the wildtype POFUT1 (134). The chaperone 

activity of POFUT1 may depend on the specific context within different organisms and can yield 

distinct biological functions. POFUT1 knockout in different cellular contexts led to varying 

outcomes in reducing cell surface Notch levels. For instance, POFUT1 knockout in HEK293T 
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cells resulted in ~60% reduced surface expression of NOTCH1, whereas Pofut1 knockout in 

mouse embryonic stem cells displayed a similar level of cell surface NOTCH compared to the 

wild type (130, 135). The variation observed may stem from the distinct regulation of other 

chaperones that compensate for the folding and secretion defects in Notch within different 

cellular contexts. 

 

1.6 Inhibitors/modulators of O-fucosylation 

To date, no inhibitors for POFUT1 or POFUT2 have been identified. As discussed above, 

POFUT1 and POFUT2 play crucial roles in diseases, including various types of cancer. Having 

specific inhibitors or modulators for these enzymes would hold significant therapeutic potential 

and serve as valuable research tools. A virtual compound library screening with available 

POFUT1/2 structures could serve as a starting point for identifying potential inhibitors. 

While not directly targeting POFUT1/2, specific fucose analogs like 2-fluoro-fucose (2-FF) and 

6-alkynyl fucose (6-AF) are pan-inhibitors of cellular fucosylation as they inhibit the de novo 

synthesis of GDP-fucose (136, 137). Furthermore, 6-AF can enter the salvage pathway and be 

converted into GDP-6-AF, which is well-tolerated by POFUT1 and POFUT2 for incorporation 

into their respective protein targets (138-140). The incorporated 6-AF can alter the functions of 

proteins, as exemplified in the case of Notch, where the incorporation of 6-AF selectively 

inhibits DLL ligands-mediated Notch signaling but not JAG ligands (139). Therefore, fucose 

analogs could serve as valuable tools for O-fucosylation research and hold therapeutic potential 

for their capacity to modulate the functions of O-fucosylated proteins. 
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1.7 Goals of this dissertation 

Given the biological importance of O-fucosylation discussed above, identification of proteins 

where the O-fucose plays a role in regulating their functions, as well as understanding how O-

fucose contributes to their function, would be of great value. Although extensive research has 

been done on prominent O-fucosylated proteins such as Notch and ADAMTS family proteins, 

further investigations into other proteins would deepen our understanding of O-fucosylation. 

These potential O-fucosylated proteins might originate from a novel domain-specific O-

fucosylation event or represent unexpected substrates for POFUT1 or 2. 

In this dissertation, we expand the O-fucosylation repertoire by unveiling two novel POFUTs 

and providing tools for identifying previously unknown targets for POFUT1 and 2. In Chapter 2, 

a new type of domain-specific O-fucosylation is discussed. We provide evidence indicating that 

FUT10 and FUT11 are POFUTs responsible for modifying protein EMI domains, thus we 

renamed them POFUT3 and POFUT4, respectively. In Chapter 3, we show the development of 

an O-fucose-specific tag, Fuc6nyl*, designed for the specific labeling of POFUT1/2 targets and 

enhancing the mass spectrometric analysis of O-fucosylated peptides derived from them. 

Leveraging Fuc6nyl*, a glycoproteomic workflow was developed for profiling of the O-fucose 

proteome of POFUT1/2. 
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1.8 Tables and figures 

Table 1.1 List of putative human gene targets of POFUT1 
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Table 1.2 List of putative human gene targets of POFUT2 
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Figure 1.1 GDP-fucose synthesis pathways and transport. Major synthesis steps and involved 
enzymes for the de novo pathway and salvage pathway are shown. Synthesized GDP-fucose in 
the cytosol is transported to Golgi by the Golgi GDP-fucose transporter SLC35C1, while the ER 
GDP-fucose transporter is still undefined. Reproduced from (23) with permission. 
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Figure 1.2 List of 13 known human fucosyltransferases with respective acceptor specificity. 
aFucosyltransferases that add fucose to glycan structures on N-glycans, mucin O-glycans, 
glycolipids, and (or) glycoRNAs. bFucosyltransferase that only adds core fucose to N-glycans. 
cFucosyltransferases with undefined acceptor specificity. dModifications specific to EGF repeats 
with a POFUT1 O-fucose consensus sequence C2XXXX[S/T]C3. eModifications specific to 
TSRs with a POFUT2 O-fucose consensus sequence C1/2XX[S/T]C2/3. Reproduced from (23) 
with permission. 
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Figure 1.3 Cartoons showing the key features of EGF repeats and TSRs. 
(A) A single EGF repeat with key O-glycan modifications. White circle, amino acids; yellow 
circle with numbers, numbered conserved cysteines linked with disulfide bonds; blue circle with 
S or S/T, O-glucose site for POGLUT1 modification and O-GlcNAc site for EOGT modification, 
respectively; red circle with S/T, O-fucose site for POFUT1 modification. Specific consensus 
sequences for POFUT1, POGLUT1, and EOGT are indicated. (B) A single TSR with O-fucose 
modification. Disulfide bonds are indicated. C-Mannose sites are shown in green circle with W, 
O-fucose site is shown in red circle with S/T. Specific consensus sequences for POFUT2 is 
indicated. Reproduced from (23) with permission. 
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Figure 1.4 Notch receptors, Notch ligands and Notch-modifying O-glycosyltransferases in 
lymphopoiesis and myelopoiesis. The genes whose deletion results in developmental alterations 
in lymphopoiesis and myelopoiesis are shown in three hematopoietic compartments: bone 
marrow, thymus, and spleen. NOTCH1-DLL4 in thymus and NOTCH2-DLL1 in spleen are 
shown as proteins. Reproduced from Stanley, P. and Tanwar, A., 2022, CC-BY license (62). 
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Figure 1.5 O-fucose residues form direct contacts with binding partners. (A) Co-crystal 
structure of NOTCH1 EGF8-12 and JAG1 N-EGF3. Reproduced from (68) with permission. (B) 
Co-crystal structure of NOTCH1 EGF11-13 and DLL4 N-EGF1. Reproduced from (67) with 
permission. (C) Co-crystal structure of RTN4R and BAI1. Reproduced from (125) with 
permission. 
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CHAPTER 2 

FUT10 AND FUT11 ARE NOVEL PROTEIN O-FUCOSYLTRANSFERASES THAT 

MODIFY PROTEIN EMI DOMAINS 
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2.1 Abstract 

Domain-specific O-fucosylation plays critical roles in modulating the biological functions of 

numerous proteins, with the most prominent targets being the NOTCH receptor and ADAMTS 

family proteins. To date, only two types of domain-specific O-fucosylation have been 

characterized: Protein O-fucosyltransferase (POFUT) 1-mediated O-fucosylation of Epidermal 

Growth Factor-like (EGF) repeats and POFUT2-mediated O-fucosylation of Thrombospondin 

Type 1 Repeats (TSRs). Both POFUT1 and 2 require folded domain structures and a specific 

consensus sequence for modification. In a recent platelet proteome study by Houlahan et al., a 

novel domain-specific O-fucosylation was found on the Elastin Microfibril Interface (EMI) 

domain of Multimerin-1 (MMRN1), a major platelet protein that supports platelet adhesion and 

thrombus formation. Yet the enzyme responsible for this modification remains undefined. Here 

we show the identification of two novel protein O-fucosyltransferases, POFUT3 and POFUT4 

(formerly FUT10 and FUT11, respectively) responsible for this modification. Of all the thirteen 

human fucosyltransferases, only POFUT3 and 4 demonstrated significant EMI binding in 

Alphafold2 screens. Robust O-fucosylation activity was observed for both POFUT3 and 4 in our 

in vitro assays using purified, recombinant POFUT3/4 and EMI substrates combined with mass 

spectrometric analysis. Much like POFUT1 and 2, POFUT3 and 4 function in the endoplasmic 

reticulum (ER) and require properly folded EMI structures for efficient modification. 

Eliminating EMI O-fucosylation by either mutating O-fucose sites or expression in FX KO cells 

lacking GDP-fucose synthesis reduced protein secretion. These data suggest that akin to 

POFUT1 and 2, the EMI-modifying POFUT3 and 4 participate in a non-canonical ER quality 

control pathway for EMI domains. 
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2.2 Introduction 

Fucosylated glycan structures are frequently found on cell membranes and extracellular matrix 

proteins in mammals. They are involved in a broad range of physiological and pathological 

processes, such as selectin-mediated leukocyte adhesion, ABO blood group histocompatibility, 

cellular signal transduction, host-microbe interactions, and tumor metastasis (21-23, 141-143). 

Fucosyltransferases (FUTs) are the enzymes that transfer fucose residues from guanosine 

diphosphate (GDP)-fucose to acceptor molecules, including glycoproteins, glycolipids, and 

oligosaccharides (21). Thirteen FUT genes have been identified in the human genome. Based on 

the linkage of fucose addition, these FUTs are classified into α1-2, α1-3/4, α1-6 FUTs, and 

protein O-FUTs (POFUTs). α1-2 FUTs (CAZy GT11 family) includes FUT1, FUT2, and Sec1 

(non-functional protein encoded by a pseudogene) (25, 26). FUT1 and FUT2 transfer fucose in 

α1-2 linkage to the terminal galactose of lactosamine to make the H antigens (27, 28). α1-3/4 

FUTs (CAZy GT10 family) includes FUT3-7 and FUT9, all of which have α1-3 activity, except 

FUT3 and FUT5, which also possess α1-4 activity. α1-3/4 FUTs are involved in the synthesis of 

the complex series of Lewis antigen epitopes and have distinct acceptor specificity (29-34). 

Additionally, based on sequence homology to known α1-3/4 FUTs, FUT10 and FUT11 (CAZy 

GT10 family) were postulated to be α1-3 FUTs, but a comprehensive investigation is needed to 

elucidate their function and acceptor specificity (144-148). The only α1-6 FUT that identified in 

mammals is FUT8 (CAZy GT23 family). It catalyzes N-glycan core fucosylation that occurs at 

the innermost GlcNAc moiety of the chitobiose unit (36, 37). 

In contrast to the Golgi-localized FUT1-9 that add fucose to glycan structures, POFUTs catalyze 

the direct transfer of fucose to proteins via O-linkage to the hydroxyl groups of Serines or 

Threonines in the endoplasmic reticulum (ER) (40, 41, 43). To date, only two POFUTs have 



 

33 

been identified in mammals, POFUT1 (CAZy GT65 family) and POFUT2 (CAZy GT68 family). 

Both enzymes require the recognition of a specific consensus sequence within a certain cysteine-

rich domain for modification: POFUT1 mediates O-fucosylation of Epidermal Growth Factor-

like (EGF) repeats containing the consensus sequence C2XXXX[S/T]C3 (where C2 and C3 are the 

second and third cysteine in the EGF) and POFUT2 adds O-fucose to Thrombospondin Type 1 

Repeats (TSRs) with the consensus sequence C1XX[S/T]C2 in group 1 TSRs and C2XX[S/T]C3 

in group 2 TSRs (41, 53). Both POFUT1 and POFUT2 are highly specific for their substrates due 

to the complementary features displayed between the interface of enzyme binding pockets and 

the three-dimensional (3D) fold of their respective substrates (72, 129). Disruption of O-

fucosylation is associated with many human congenital disorders and tumorigenesis of various 

types of cancer (57, 100, 149). The Notch receptor family is the major biological target of 

POFUT1 (58, 60). Knockout of Pofut1 in mice is embryonic lethal with multiple developmental 

defects similar to Notch1 knockout (58). Members of the A-Disintegrin and Metalloproteinase 

with ThromboSpondin Type-1 motifs (ADAMTS) family constitutes almost half of the POFUT2 

targets. Knockout of Pofut2 in mice causes early embryo lethality with phenotypes similar to 

Adamts9 mutants (79, 80), suggesting that O-fucosylation is essential for the biological function 

of these protein targets. 

Recent evidence has demonstrated that O-fucose glycans modulate protein function through both 

intermolecular and intramolecular interactions (43). In co-crystal structures of portions of the 

NOTCH1 ligand-binding domain with its ligands [NOTCH1-DLL4 (67) and NOTCH1-JAG1 

(68)], O-fucose residues on NOTCH1 EGF8 and 12 were found to directly interact with the 

ligands. Mutations of these O-fucose sites result in reduced NOTCH1-ligand binding and 

signaling (68, 70). In crystal structure of BAI1/RTN4-receptor complex, the O-fucosylation of 
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TSR3 on BAI1 directly interacts with the RTN4 receptor, and this interaction regulates neuronal 

development (125). Additionally, O-fucose forms intramolecular interactions that stabilize 

folded EGF repeats and TSRs (130, 131). This stabilizing effect drives the domain into an energy 

well, preventing the re-entry of the domain into the folding cycle and thereby aiding in protein 

folding and secretion. The requirement of both POFUT1 and POFUT2 to modify only properly 

folded substrates, along with the stabilizing effects of O-fucose, suggests that the ER-localized 

POFUTs may function in a non-canonical quality control pathway designed to ensure the 

efficient folding of proteins containing cysteine-rich domains such as EGF repeats and TSRs 

(119, 130). 

In addition to EGF repeats and TSRs, a recent platelet proteome study identified a novel O-

fucose site on the Elastin Microfibril Interface (EMI) domain of Multimerin-1 (MMRN1), a 

major platelet protein that supports platelet adhesion and thrombus formation (Figure 2.1A) 

(126). Similar to EGF repeats and TSRs, the EMI domain is also a highly conserved cysteine-

rich domain with three disulfide bonds (Figure 2.1B). However, unlike EGF repeats and TSRs 

which are frequently found embedded within proteins as tandem repeats, the EMI domain is 

consistently singular and located at the N-terminus of proteins (150). Proteins containing the 

EMI domain constitute the EMI domain endowed (EDEN) superfamily (151). This superfamily 

can be subdivided into three groups, with the EMILIN/Multimerin family being the most 

numerous one, including EMILIN-1, EMILIN-2, EMILIN-3, Multimerin-1, and Multimerin-2. 

All EMILIN/Multimerin family members have the capability to form homotrimers (Figure 2.1C) 

and assemble into supramolecular multimers (152). The function of EMI domain remains largely 

unknown, but it is proposed to be involved in protein-protein interactions and participates in 

multimerization (150, 153-156). The recently identified EMI O-fucose is located within a 
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partially conserved motif (C1XXXX[S/T]X) among all human EMI domains, suggesting a 

potential role for O-fucose in EMI domain functionality (Figure 2.1C). 

As the EMI O-fucose locates within a domain context and motif distinct from the classic O-

fucosylation by POFUT1 and POFUT2, we hypothesize that an as-yet-unidentified POFUT is 

responsible for this modification. Here we show that neither POFUT1, nor POFUT2, is 

responsible for the O-fucosylation of MMRN1 EMI domain. Instead, we identified FUT10 and 

FUT11 as the POFUTs that modify protein EMI domains in vitro and in cells; thereby, we 

renamed them POFUT3 and POFUT4, respectively. Much like POFUT1 and 2, both POFUT3 

and 4 function in the ER and rely on properly folded EMI structures for efficient modification. 

Eliminating EMI O-fucosylation by either mutating the O-fucose sites or expression in FX KO 

cells lacking GDP-fucose synthesis led to a substantial reduction in protein secretion, suggesting 

that akin to POFUT1 and 2, POFUT3 and 4 participate in a non-canonical ER quality control 

pathway for EMI domains. 

 

2.3 Results 

Neither POFUT1 nor POFUT2 is responsible for addition of O-fucose in MMRN1 EMI 

domain 

To confirm the novel O-fucose site, we performed transient transfections with a full-length 

human MMRN1 construct in HEK293T cells. Recombinant MMRN1 was purified from 

conditioned culture medium, digested with proteases, and analyzed by nano LC-MS/MS. 

Consistent with Houlahan et al., we observed high stoichiometry O-fucosylation at T216 on the 

N-terminal EMI domain (Figure 2.1D), as well as the classical O-fucosylation of the C-terminal 

EGF domain at T1055 (Dataset S1). Additionally, we identified a second O-fucose site on the 

EMI domain at T265, albeit with lower stoichiometry (Figure 2.1D and Dataset S1). Notably, 
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T216 and T265 are in close spatial proximity within the predicted 3D structure of MMRN1 EMI 

domain (Figure 2.1B), suggesting that O-fucosylation at T265 might occur as a sequential 

reaction following the T216 modification. 

The full-length MMRN1 is poorly expressed in HEK293T cells, likely due to its strong tendency 

to form large-sized multimers via the interaction of EMI domain and C1q domain. We made a 

construct subcloned from MMRN1 with the first 290 amino acids covering the N-terminal EMI 

domain for better expression (Figure 2.1A). To investigate if POFUT1 or POFUT2 is the 

responsible enzyme for O-fucosylation of the EMI domain, we performed transient transfections 

with the N-terminal EMI construct in wild-type (WT), POFUT1 KO (130), POFUT2 KO (80), 

and FX KO HEK293T cells (157). FX encodes the enzyme required for GDP-fucose synthesis; 

knocking out FX eliminates all forms of fucosylation within cells. Recombinant N-terminal EMI 

was purified from conditioned culture medium, digested with proteases, and analyzed by nano 

LC-MS/MS. Extracted ion chromatograms (EICs) were generated for the O-fucosylated and 

unmodified glycoforms of peptides containing T216 or T265 site in each cell line. A lower O-

fucosylation stoichiometry was observed in recombinant EMI compared to the full-length 

MMRN1, likely due to a shorter ER retention time for the smaller protein. Peptides containing 

T216 or T265 site were modified with O-fucose at similar stoichiometries in WT, POFUT1 KO 

and POFUT2 KO cells, but not in FX KO cells (Figure 2.2A and Dataset S1). Our positive 

controls showed loss of O-fucose on EGF2, 3 and 5 of mNOTCH1 EGF1-5 in POFUT1 KO 

cells, and loss of O-fucose on TSR1, 2 and 3 of THBS1 TSR1-3 in POFUT2 KO cells (Figure 

2S1, A and B, and Dataset S1), confirming that the KO cells cause loss of O-fucose on known 

substrates of POFUT1 and POFUT2, respectively. The loss of O-fucose in all recombinant 

proteins in FX KO cells confirms that the modification on EMI domain is a fucose (Figure 2.2A, 
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Figure 2S1, A and B, and Dataset S1). Equivalent levels of EMI O-fucosylation were also 

observed in full-length MMRN1-transfected WT and POFUT2 KO HEK293T cells (Figure 2S2, 

A and B, and Dataset S1). These data show that neither POFUT1 nor POFUT2 is responsible for 

addition of O-fucose in the EMI domain, strongly suggesting that a novel POFUT exists that 

modifies the EMI domain. 

Additional evidence supporting this hypothesis was derived from metabolic labeling of 6-alkynyl 

fucose (6-AF). Our prior work demonstrated that POFUT1 and POFUT2 can efficiently 

incorporate 6-AF onto their respective substrates (138). Metabolic labeling experiments revealed 

robust incorporation of 6-AF by POFUT1 onto EGF2, 3, and 5 of mNOTCH1 EGF1-5, and by 

POFUT2 onto TSR2 and 3 of THBS1 TSR1-3 (Figure 2S1, C and D, and Dataset S1). However, 

no 6-AF incorporation was detected in EMI. In contrast, the complete absence of O-fucose and 

fucosylation of N-glycans on N-terminal EMI, confirming that neither POFUT1 nor POFUT2 are 

responsible for their modification (Figure 2.2B and Dataset S1). Loss of fucose on N-glycans is 

consistent with previous results showing that 6-AF depletes cellular GDP-fucose levels (140, 

158).  

 

FUT10 and FUT11 are POFUTs that add O-fucose to MMRN1 EMI domain 

The only known FUTs without a known acceptor are FUT10 and 11 (23). To examine whether 

FUT10 and FUT11 can modify MMRN1 EMI domain, we performed enzymatic assays using 

purified, recombinant FUT10/11 with non-fucosylated EMI substrates. FUT10 and FUT11 were 

expressed and purified from HEK293F cells using FUT10/11 expression constructs that are 

designed for glycoenzyme secretion (Figure 2S3C) (159). Recombinant N-terminal EMI 

substrates were purified from HEK293F cells treated with 6-AF to remove all fucose glycans as 
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described above (Figure 2S3, A and B). EMI substrates were incubated with FUT10 or FUT11 in 

the presence of GDP-fucose for different durations at 37ºC. Reactions were quenched by 

precipitation with acetone, followed by digestion with protease and analysis using nano LC-

MS/MS. EICs were generated and quantified to evaluate the O-fucosylation status of EMI T216 

and T265 sites. We observed that both FUT10 and FUT11 can independently add fucose to EMI 

substrates, exhibiting time-dependent modification on both T216 and T265 sites (Figure 2.4, A 

and B, and Figure 2S4). Remarkably, FUT11 displayed higher efficiency in comparison to 

FUT10. FUT11-mediated reactions rapidly reached saturation within 2 hours for both T216 and 

T265 sites. In contrast, FUT10 displayed a slower reaction, gradually approaching saturation 

around 4 hours for T216 site, while maintaining a near-linear trend for T265 site (Figure 2.4B). 

N-terminal EMI contains multiple N-glycans, accounting for ~20 kDa of its molecular size 

(Figure 2.1A and Figure 2S5). The EMI substrates used in enzymatic assays lack N-glycan 

fucosylation due to the 6-AF treatment, making them good substrates for N-glycan modifying 

FUTs (Figure 2.2B). Notably, no changes in N-glycan fucosylation on EMI were detected in the 

enzymatic assays mentioned above (Figure 2S6). 

Both FUT10 and FUT11 apparently do not require any divalent metal ions for activity, as they 

were active when assayed without metal ions. However, their activities are significantly 

enhanced in the presence of divalent metal ions including MnCl2, MgCl2, and CaCl2, where 

MnCl2 showed the highest degree of activation (Figure 2S7). Interestingly, while EDTA does not 

affect FUT10 activity, it enhances FUT11 activity for reasons that remain unclear. 

These findings clearly show that both FUT10 and FUT11 function as POFUTs, responsible for 

modifying EMI domains. We designate them as POFUT3 and POFUT4, respectively. 
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Kinetic analysis of POFUT3 and POFUT4 

The GDP-Glo Glycosyltransferase assay is a common method for determining kinetic parameters 

of glycosyltransferases. Yet, we encountered a challenge in quenching the activity of POFUT4 

without impacting the luciferases required for luminescence signal generation, possibly due to 

the strong affinity between POFUT4 with EMI, which enables the enzyme to remain active even 

in the presence of detergent. As a solution, we used mass spectrometric analysis to quantify the 

fucosylation stoichiometry and subsequently convert it into kinetic parameters. Considering the 

inherent ionization suppression effects of glycopeptides, the calculated parameters could 

potentially underestimate the actual values. 

We performed kinetic analyses of POFUT3 and POFUT4 with varied concentrations of acceptor 

substrate (non-fucosylated N-terminal EMI). EICs were generated for the O-fucosylated and 

unmodified glycoforms of peptides containing T216 or T265 site for each sample. The relative 

abundance of fucosylation was quantified from EICs and then converted into product 

concentration, specifically EMI with transferred fucose. The kinetic parameters for the 

fucosylation at T216 and T265 sites were determined independently by fitting the curve into 

Michaelis-Menten equation. Similar kinetic curve patterns for both T216 and T265 sites were 

observed in both enzymes, suggesting a shared catalytic mechanism for modifying both sites 

(Figure 2.4A and Figure 2S8). Notably, the T216 site exhibits higher Km and Vmax values 

(Table 2.1). Given the O-fucose stoichiometry at these two sites on full-length MMRN1, EMI 

domain can accommodate two fucose residues simultaneously (Figure 2.1D). The differences in 

kinetic parameters may result from a sequential addition of fucose residues. The initial fucose 

presence on the substrate when adding the second can alter the catalytic environment. 

Surprisingly, the overall activity of POFUT3 is significantly higher compared to POFUT4, with 



 

40 

Km and Vmax values over five times greater than POFUT4 (T216 Km, 36.81 µM vs. 6.738 µM; 

T216 Vmax, 280.4 nmol/min/mg vs. 48.92 nmol/min/mg) (Figure 2.4A and Table 2.1). At lower 

EMI substrate concentrations (0-2 µM), POFUT4 exhibited higher activity than POFUT3, but 

the reaction rate decreased rapidly as the substrate concentration increased (Figure 2.4B). This 

explains the higher activity of POFUT4 over POFUT3 in our time-dependent enzymatic assay, as 

the enzyme and EMI substrate concentrations we used fall within this range (Figure 2.3, A and 

B). This is also consistent with our observation that POFUT4 shows a high affinity for the EMI 

domain, potentially resulting in a low turnover number at steady state. We additionally 

performed a GDP-Glo Glycosyltransferase assay for POFUT3 to validate the kinetic properties 

obtained via mass spectrometry. As expected, we observed a similar kinetic curve pattern with a 

comparable Km value but a higher Vmax value (Km, 47.22 µM; Vmax, 482.0 nmol/min/mg) 

(Figure 2S9 and Table 2S1). 

 

Both POFUT3 and POFUT4 are independently capable of adding O-fucose to EMI 

domains in cells and are the sole enzymes responsible for this modification 

Our in vitro data suggests that both POFUT3 and POFUT4 can add O-fucose to the EMI domain. 

To determine whether both enzymes participate in the O-fucosylation of MMRN1 EMI domain 

within cells, we generated CRISPR/Cas9-mediated knockouts of POFUT3, POFUT4, or both 

genes in HEK293T cells. Successful biallelic gene knockouts were confirmed by genomic DNA 

sequencing for all POFUT3, POFUT4 single knockouts (KOs) and POFUT3/4 double knockouts 

(DKOs). These cells were transiently transfected with the N-terminal EMI construct. 

Conditioned culture medium containing the secreted recombinant protein was collected, digested 

with proteases, and analyzed by nano LC-MS/MS. Knocking out POFUT3 led to a ~60% 
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reduction in the O-fucose stoichiometry at the T216 site and a ~90% reduction at the T265 site, 

while knocking out POFUT4 led to a ~50% reduction at the T216 site and a ~60% reduction at 

the T265 site. Knocking out both POFUT3 and POFUT4 completely eliminated the O-

fucosylation at both T216 and T265 sites (Figure 2.5, A and B, and Figure 2S10). Expression of 

either POFUT3 or POFUT4 in the DKO cells fully restored the O-fucosylation at both T216 and 

T265 sites and even drove the reaction to completion (Figure 2.5, C and D, and Figure 2S11). 

These findings indicate that both POFUT3 and POFUT4 are independently capable of adding O-

fucose to EMI domains within cells and are the sole enzymes responsible for modifying EMI 

domains. 

In contrast to the significant changed in O-fucosylation, there was no notable differences in the 

fucosylation of N-glycans on N-terminal EMI between WT and POFUT3/4 DKO cells, even 

when co-transfected with POFUT3 or POFUT4, indicating that POFUT3 and 4 are not 

modifying N-glycans (Figure 2S12). 

 

POFUT3 and POFUT4 only modify folded EMI structures and participate in a non-

canonical ER quality control pathway for EMI domains 

All EGF-modifying O-glycosyltransferases (POFUT1, POGLUT1, 2, and 3, EOGT) and the 

TSR-specific O-fucosyltransferase (POFUT2) have been shown to only recognize and modify 

properly folded structures in contrast to linear peptides (44, 52, 53, 160-162). Thus, we proposed 

that the EMI-modifying POFUT3 and POFUT4 may also share this requirement. To examine 

whether POFUT3 and POFUT4 only modify folded EMI structures, we performed assays with 

folded versus unfolded EMI domains, with POFUT2 and THBS1 TSR3 as positive controls 

(Figure 2S13). Recombinant non-fucosylated N-terminal EMI was denatured by reducing and 
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alkylating the disulfide bonds and used as the unfolded EMI substrates (Figure 2S13A). POFUT3 

or POFUT4 enzymes were incubated with folded or unfolded EMI substrates at 37ºC for varying 

time periods. Reaction products were digested and analyzed by nano LC-MS/MS. The modifying 

efficiency of enzymes were monitored by quantification of O-fucosylation levels at EMI T216 

and T265 sites. In line with our prior study, denaturation completely eliminates the ability of 

TSR3 to serve as a substrate for POFUT2 (Figure 2.6A). Interestingly, similar behavior for both 

POFUT3 and POFUT4 was observed. Compared to the folded EMI, the unfolded EMI was a 

poor substrate for both POFUT3 and POFUT4 (Figure 2.6A and Figure 2S14). This suggests that 

akin to other O-glycosyltransferases that modify EGF repeats or TSRs, POFUT3 and POFUT4 

are capable of distinguishing between folded and unfolded EMI structures and require only the 

folded forms for modification. 

POFUT1 and POFUT2 are localized to the ER and engage in a non-canonical ER quality control 

pathway for the folding and stabilization of EGF repeats and TSRs, respectively (119, 130, 131). 

In contrast, all other FUTs are localized to the Golgi (23). Previous proteomic studies of protein 

subcellular localization have indicated the ER localization of POFUT3 and POFUT4 in rat liver 

and U2OS cell line (163, 164). It is reasonable to propose that akin to POFUT1 and 2, POFUT3 

and 4 could also be ER-localized and function in a quality control pathway for proteins 

containing EMI domains. To examine if POFUT3 and POFUT4 function in the Golgi, we 

performed transient transfections with the N-terminal EMI construct in WT and SLC35C1 KO 

HEK293T cells (11). SLC35C1 encodes the Golgi GDP-fucose transporter. Loss of SLC35C1 

leads to the depletion of the Golgi GDP-fucose pool, thereby inhibiting the activity of Golgi-

localized FUTs. As expected, nearly all fucosylation of N-glycan on EMI N136 site was lost in 

SLC35C1 KO cells compared to WT cells, confirming the KO status of the cells (Figure 2.6B). 
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In contrast to N-glycan fucosylation, equivalent O-fucosylation levels on EMI T216 and T265 

sites were observed in WT and SLC35C1 KO cells. This suggests that POFUT3 and POFUT4 

function in the ER rather than Golgi. 

A known function of O-fucose glycans is to aid in protein folding and promote secretion (119, 

130, 131). Mutating the T216 O-fucose site is known to reduce MMRN1 secretion (126). To 

examine the effects of the T265 O-fucose site, we mutated either T265 site alone or both T216 

and T265 sites on full-length MMRN1 construct (Figure 2S15A). The distinct effects of 

individual O-fucose on MMRN1 secretion were compared. Consistent with Houlahan et al., the 

T216A mutation showed a ~50% reduction in MMRN1 secretion, and the T1055A mutation 

showed a complete loss of secretion. Mutating both T216 and T265 on EMI domain led to an 

over 50% reduction in MMRN1 secretion, while mutating T265 alone resulted in a ~15% 

reduction (Figure 2.6, C and D, and Figure 2S15B). This indicates that both T216 and T265 O-

fucose glycans play a role in MMRN1 secretion, with T216 having a more significant effect. 

We also performed secretion assays in FX KO cells, which lack GDP-fucose synthesis (157). To 

eliminate the impact of O-fucosylation on the EGF repeat, we used the N-terminal EMI instead 

of full-length MMRN1. In line with our previous studies, eliminating O-fucosylation of EGF 

repeats or TSRs by expression in FX KO cells led to a near complete loss in the secretion of 

NOTCH1 EGF1-18 and AdamTS9 TSR2-8 (Figure 2.6, E-H, and Figure 2S16) (121, 130). We 

observed a substantial ~70% decrease in the secretion of N-terminal EMI in FX KO cells 

compared to WT cells, highlighting the role of EMI O-fucosylation in its secretion, similar to its 

contributions to proteins containing EGF repeats or TSRs. Notably, a substantial ~70% reduction 

in N-terminal EMI protein levels was observed in the lysate of FX KO cells, while NOTCH1 
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EGF1-18 and AdamTS9 TSR2-8 mostly remained present or accumulated within the cells. This 

indicates that EMI undergoes degradation when there is a fucosylation defect. 

 

2.4 Discussion 

Domain-specific O-fucosylation plays critical roles in modulating the biological functions of 

numerous proteins, with the most prominent targets being the NOTCH receptor and ADAMTS 

family proteins. In addition to EGF repeats and TSRs that can be modified with O-fucose, a new 

domain-specific O-fucosylation was recently discovered within the EMI domain (126). In the 

present study, we report POFUT3 and POFUT4 (formerly FUT10 and FUT11, respectively) are 

the enzymes responsible for this modification. Both enzymes exhibited strong O-fucose transfer 

activity both in vitro and within cells. Similar to POFUT1 and POFUT2, POFUT3 and POFUT4 

rely on properly folded EMI structures for efficient modification. Finally, our findings indicate 

that POFUT3 and POFUT4 localized in the ER and participate in a non-canonical ER quality 

control pathway for EMI domains. 

FUT10 and 11 have been annotated as a1,3-fucosyltransferases (see Q6P4F1 and Q495W5 in 

UniProt). They were originally identified in the human genome for sharing sequence homology 

with Drosophila FucTB (148). The function and acceptor substrate for the fly FucTB has not yet 

been defined. It is a homolog of FucTA which has well-established core a1-3 FUT activity, but 

such activity was not detected for FucTB (165, 166). Both FUT10 and FUT11 belong to the 

CAZy GT-10 family, along with the invertebrate and plant core a1-3 FUTs and all terminal 

Golgi a1-3/4 FUTs (26). The Golgi a1-3/4 FUTs (FUT3-7 and FUT9) share five conserved 

peptide motifs (145). Motif VI and V are involved in the recognition and binding of GDP-fucose 

donor, and they are well-conserved in FUT10 and FUT11. Motif I-III are involved in the 

recognition of acceptor substrate, whereas FUT10 and FUT11 show limited sequence homology 



 

45 

with other a1-3/4 FUTs in these motifs. Especially motif II, instead of [F/I/V]HH[R/W][E/D] 

that present in all a1-3/4 FUTs for lactosamine acceptor recognition, FUT10 and FUT11 present 

a highly conserved FYGTD in the equivalent position, indicating that they have a distinct 

acceptor substrate (145). Numerous studies have attempted to explore the acceptor specificity of 

FUT10 and FUT11. Mollicone et al. reported core a1-3 FUT activity for FUT10 and FUT11 

using crude lysates of FUT10/11 transfected COS7 as enzyme sources and tested with a library 

of synthetic glycan acceptors through a radioactive-based assay (145). Kumar et al. reported that 

FUT10 is involved in an a1-3 FUT activity for the synthesis of Lewis X (LeX) epitope (144). 

They used crude lysates of COS1 cells that overexpress FUT10 as enzyme sources. Although no 

activity was detected with synthetic glycan substrates, an increase in LeX-containing N-glycans 

was detected in HPLC analysis when crude lysates of Neuro2a cells were used as glycoprotein 

substrates. While it is conceivable that FUT10/11 may add a small amount of fucose to N-

glycans when tested with large quantities of glycan substrates, it is more likely that the observed 

activity in crude lysates indirectly results from protein targets modified by FUT10/11. 

Supporting this, we did not detect any fucose addition to N-glycans on the N-terminal EMI in our 

in vitro enzymatic assay (Figure 2S6), while there was a robust addition of O-fucose (Figure 

2.3). Moreover, there were no significant changes in N-glycan fucosylation when POFUT3 and 

POFUT4 were knocked out in cells (Figure 2S12). In contrast to the monoexonic a1-3/4 FUTs, 

the genomic structure of both FUT10 and FUT11 is polyexonic. Phylogenetic analysis indicates 

that FUT10 and FUT11 are ancient enzymes that originated at about 830 MYA (Million Years 

Ago), clearly distinct from the a1-3/4 FUTs (about 450 MYA) (25, 145). POFUT1 and POFUT2 

are also ancient enzymes (about >1000 MYA) and have a polyexonic structure (167). These 
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clues reinforce our conclusion that FUT10 and FUT11 (POFUT3 and POFUT4, respectively) 

function as POFUTs, rather than a1-3/4 FUTs. 

Similar to POFUT1 and 2, POFUT3 and 4 add fucose to MMRN1 EMI domain within a motif 

C1XXXX[S/T]X that is highly conserved across EMI domains (Figure 2.1C). Interestingly, a 

second fucose was found in close proximity to the primary fucose site in space, and many other 

EMI domains also possess a threonine at this equivalent site (Figure 2.1, B and C). Examining 

other EMI domain-containing proteins with this motif, such as EMILIN1, multimerin-2 

(MMRN2), and EMI domain-containing protein 1 (EMID1), would provide more information 

and refine the precision of the consensus sequence. Based on the fucosylation stoichiometry of 

the two sites, it appears that EMI can accommodate two fucose residues simultaneously (Figure 

2.1D). It would be intriguing to understand the spatial orientation of these two fucose residues 

and the catalytic mechanisms involved in their addition to EMI. 

Finally, we demonstrated that POFUT3 and POFUT4 function in the ER, require folded EMI 

structures for efficient modification, and assist in protein secretion. This evidence indicates that 

these enzymes play a role in the quality control of EMI domains, ensuring they are properly 

folded for secretion. O-fucose glycans are known to form intramolecular interactions that 

stabilize EGF repeats and TSRs, facilitating protein folding and secretion by preventing the re-

entry of these domains into the folding cycle. Further work will be needed to verify if the two 

fucose residues added by POFUT3/4 have a similar effect on EMI domains. Furthermore, O-

fucose glycans can form direct intermolecular interactions to facilitate protein-protein 

interactions, regulating processes like Notch-ligand binding. In the context of MMRN1, it is 

proposed that the N-terminal EMI domain interacts with the C-terminal C1q domain for 

multimerization, indicating a potential role for O-fucosylation in these processes (150). 
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We are just beginning to understand the biological function of POFUT3/4 and the proteins they 

modified. POFUT3 and 4 were reported to have important functions in vertebrate development 

(147). They are expressed ubiquitously in mouse embryos throughout development and display 

distinct expression profiles. Knocking down POFUT4 in zebrafish embryos resulted in 

malformations of the posterior trunk and tail. POFUT3 has also been reported to be required for 

the maintenance of mouse embryonic stem (ES) cells and neural stem cells (144). Identifying the 

protein targets of POFUT3/4 that are involved in regulating these biological processes would 

provide a full understanding of the biological role of POFUT3/4 in embryonic development and 

stem cell maintenance. 

 

2.5 Experimental Procedures 

Cell culture 

HEK293T WT, POFUT1 KO, POFUT2 KO, POFUT3 KO, POFUT4 KO, POFUT3/4 DKO, FX 

KO and SLC35C1 KO cells were cultured at 37°C with 5% CO2 in Dulbecco’s Modified Eagle 

Medium (DMEM, GE Healthcare Life Sciences) supplemented with 10% (v/v) bovine calf 

serum (BCS, VWR), 100 units/mL penicillin, and 100 µg/mL streptomycin (Lonza). HEK293F 

cells were cultured in Freestyle293TM medium (Gibco) with 100 units/mL penicillin and 100 

µg/mL streptomycin. HEK293T cells were purchased from ATCC. HEK293F cells were 

generously provided by Dr. Kelley Moremen at the University of Georgia. 

 

Plasmids and mutagenesis 

The mammalian expression plasmids for MMRN1 analysis including pcDNA3.1-hMMRN1 WT-

Myc-His6, pcDNA3.1-hMMRN1 T216A-Myc-His6, and pcDNA3.1-hMMRN1 T1055A-Myc-
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His6 were described previously (126). For the generation of pcDNA3.1-hMMRN1 T265A-Myc-

His6, and pcDNA3.1-hMMRN1 T216A/T265A-Myc-His6, the T265A mutation was introduced 

by standard PCR-based mutagenesis using CloneAmp HiFi PCR Premix (Takara Bio Inc.) with 

mutagenic primers AI452 and AI464 using the parental plasmid cDNA3.1-hMMRN1 WT-Myc-

His6 (for T265A mutatant) or pcDNA3.1-hMMRN1 T216A-Myc-His6 (for T216A/T265A 

double mutant) as template. PCR products were treated with DpnI to remove the parental 

plasmid before transformed into DH5α-competent cells (Invitrogen).  

pcDNA4-N-terminal EMI-Myc-His6 encoding the first 290 amino acids covering the N-terminal 

EMI domain of hMMRN1 was subcloned from pcDNA3.1-hMMRN1 WT-Myc-His6 using 

CloneAmp HiFi PCR Premix with primers AI364 and AI365. PCR products were ligated to 

pcDNA4/TO/Myc-His6 expression vector using T4 Polynucleotide Ligase (NEB). 

pSecTag2-mNOTCH1 EGF1-5-Myc-His6, pSecTag2-mNOTCH1 EGF1-18-Myc-His6, 

pSecTag2-hTHBS1 TSR1-3-Myc-His6 and pSecTag2-hAdamTS9 TSR2-8-Myc-His6 plasmids 

were described previously (55, 121, 138). pGEn2-GFP, pGEn2-GFP-hPOFUT2, pGEn2-GFP-

hFUT10 and pGEn2-GFP-hFUT11 plasmids were described previously and generously provided 

by Dr. Kelly Moremen (159). 

For generating pcDNA4-full length hFUT10 (POFUT3)-Myc-His6 for the rescue assays: the 5’-

signal peptide portion (99 bp) of hFUT10 was amplified by PCR using Platinum SuperFi II DNA 

Polymerase (Thermo Fisher) with primers AI456 and AI457 using pUC57-hFUT10 5’ side 

(made by gene synthesis, Genscript) as template. The hFUT10 coding region was amplified by 

PCR using CloneAmp HiFi PCR Premix with primers AI458 and AI459 using pGEn2-GFP-

hFUT10 as template. The backbone vector portion was amplified by PCR using Platinum 

SuperFi II DNA Polymerase with primers AI454 and AI455 using pcDNA4/TO/Myc-His6 
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expression vector as template. Infusion reaction was performed using In-Fusion HD Cloning Kits 

(TAKARA). 

For generating pcDNA4-full length hFUT11 (POFUT4)-Myc-His6 for the rescue assays: the 5’-

signal peptide portion (93 bp) of hFUT11 was amplified by PCR using Platinum SuperFi II DNA 

Polymerase (Thermo Fisher) with primers AI460 and AI461 using pUC57-hFUT11 5’ side 

(made by gene synthesis, Genscript) as template. The hFUT11 coding region was amplified by 

PCR using CloneAmp HiFi PCR Premix with primers AI462 and AI463 using pGEn2-GFP-

hFUT11 as template. The backbone vector portion was amplified by PCR using Platinum 

SuperFi II DNA Polymerase with primers AL454 and AL455 using pcDNA4/TO/Myc-His6 

expression vector as template. 

All plasmids were confirmed by sequencing. Sequences of all primers are listed in SI Appendix, 

Table S2. 

 

Production of proteins used for mass spectral analysis of O-fucosylation 

HEK293T WT, POFUT1 KO, POFUT2 KO, FX KO or SLC35C1 KO cells (6 x 106 cells per 

plate) were seeded in 10-cm dishes in 8 mL DMEM with 10% bovine calf serum and 1% 

penicillin/streptomycin. Cells were cultured overnight to reach a confluency of 70%. Each plate 

of cells was transiently transfected with 10 µg of pcDNA3.1-hMMRN1-Myc-His6, 5 µg of 

pcDNA4-N-terminal EMI-Myc-His6, 10 µg of pSec-mNOTCH1 EGF1-5-Myc-His6, or 10 µg of 

pSec-THBS1 TSR1-3-Myc-His6 in 8 mL Opti-MEM (Thermo Fisher, 31985088) using 60 µL 

PEI (1 µg/µL stock). For metabolic labeling of cells with 6-alkynyl fucose (6-AF, generously 

provided by Dr. Peng Wu at the Scripps Research Institute), cells were transfected in 8 mL Opti-

MEM containing 100 µM 6-AF or equal volume of DMSO. Two days later, media from 3-8 
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plates of cells was combined. Recombinant proteins were purified using Ni-NTA (Qiagen) 

affinity chromatography with 600 µL agarose and eluted with 600 µL of 250 mM imidazole in 

Tris buffered saline, pH 7.5 (TBS). Eluted purified proteins were stored at -20°C until use. 

For testing the POFUT3/4 KO cells, HEK293T WT, POFUT3 KO, POFUT4 KO or POFUT3/4 

DKO cells (1 x 106 cells per well) were seeded in 6-well plates and cultured overnight for 

attachment. Cells were transiently transfected with 1 µg of pcDNA4-N-terminal EMI-Myc-His6 

in 1.2 mL Opti-MEM using 6 µL PEI (1 µg/µL stock). Two days later, media was collected and 

stored at -20°C until use. For POFUT3/4 rescue assay coupled with mass spectrometry analysis, 

HEK293T WT and POFUT3/4 DKO cells (1 x 106 cells per well) were seeded in 6-wells plates 

followed by transiently transfected with 1 µg of pcDNA4-N-terminal EMI-Myc-His6 with 0.2 µg 

of pcDNA4-full length hPOFUT3-Myc-His6, pcDNA4-full length hPOFUT4-Myc-His6, or 

empty vector in 1.2 mL Opti-MEM using 7.2 µL PEI (1 µg/µL stock). Cells were cultured for 

two days. Culture media was collected and stored at -20°C until use. 

 

Glycoproteomic site mapping of O-fucosylated peptides 

Purified proteins (300-600 µL of elution of Ni-NTA purification) or 300 µL of conditioned 

culture medium were precipitated with 3X volumes of cold acetone overnight at -20°C. After 

centrifuging at 12,700 rpm for 15 minutes at 4°C, the pellets were denatured and reduced using 

50 µL of reduction buffer containing 8 M urea, 0.4 M ammonium bicarbonate and 10 mM TCEP, 

incubated at 60°C for 10 minutes. Alkylation was performed by adding 25 µL of 100 mM 

iodoacetamide in 50 mM Tris, pH 8, and incubating in the dark for 40 minutes at room 

temperature. Samples were then diluted with 225 µL of water and digested with 1 µg of trypsin 

(Thermo Fisher, 90057) in 37°C water bath overnight. For THBS1 TSR1-3 samples, 1 µg of 
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chymotrypsin (Thermo Fisher, 90056) was added after trypsin digestion, and samples were 

incubated for 3 hours at 37°C water bath. Samples were then acidified with 5% formic acid (FA), 

sonicated for 20 minutes, and desalted with a C18 ZipTip (Millipore, ZTC18S960). Samples [1-

10 µL, ~5 ng peptides per run in 10% acetonitrile (ACN) and 0.1% aqueous FA] were analyzed 

by nano LC-MS/MS using an EASY-nLC 1200 System (Thermo Fisher) coupled to a Q-

Exactive Plus mass spectrometer (Thermo Fisher). Peptides were loaded via autosampler and 

preconcentrated onto an Acclaim PepMap-100 75µm X 2 cm nanoViper C18 pre-column with 

loading buffer, 5% ACN and 0.1% aqueous FA (Solvent A). Peptides were gradient eluted onto a 

C18 EasySpray PepMap RSLC C18 analytical column (50 µm X 15 cm, Thermo Fisher) at a 

constant flow rate of 300 nL/min using a 30 minute gradient and a 61 minute instrument method 

(for purified protein samples) or 90 minute gradient and a 120 minute instrument method (for 

whole-medium digested samples) method. The gradient profile was as follows [min:% solvent B 

(80% ACN and 0.1% aqueous FA)]: 30 minute gradient 0:0, 25:50, 28:98, 31:98, 34:2, 37:2, 

40:98, 43:98, 46:2, 49:2, 52:98, 55:98, 58:2, 61:2; 90-minute gradient 0:0, 90:50, 93:98, 96:98, 

99:2, 102:2, 105:98, 108:98, 111:2, 114:2, 117:98, 120:98. The instrument method used an MS1 

resolution of 70,000, an AGC target of 1e6, and a mass range from 400 to 2,000 m/z. Dynamic 

exclusion was enabled for 6 s. Only charge states 2-6 were permitted for fragmentation. MS2 

scans were acquired in the Orbitrap at a resolution of 17,500, an isolation window of 1.2 m/z, 

and an AGC target of 1e5. The HCD fragmentation was set with fixed collision energy of 27%. 

Data analysis was performed with Byonic (Protein Metrics, v4.1.10). Search parameters included 

fully specific cleavage specificity at the C-terminal site of R and K for trypsin with two missed 

cleavages allowed, C-terminal site of R, K, F, W, Y and L for trypsin/chymotrypsin double 

digestion with five missed cleavages allowed. Mass tolerance was set at 10 ppm for precursors 
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and 0.1 Dalton for fragments. Cysteine carbamidomethylation was set as fixed modification. 

Methionine oxidation (common 1), asparagine oxidation (common 1), asparagine deamidation 

(common 1), N-terminal acetylation (rare 1), and tryptophan hexosylation (common 2) were set 

as variable modifications with a total common max of 3, rare max of 2. Glycans were set as 

variable modifications (common1) using a customed O-glycan search space including Fuc(1), 

HexNAc(1)Fuc(1), HexNAc(1)Hex(1)Fuc(1), HexNAc(1)Hex(1)Fuc(1)NeuAc(1), 

Hex(1)Fuc(1), Hex(1), Hex(1)Pent(1), Hex(1)Pent(2), and HexNAc(1). For 6-AF metabolic 

labeled samples, 6-AF incorporated glycopeptides were searched with an additional 9.9800 m/z 

to account for the chemical modification. Peptides with N-glycans were searched with the 

internal N-glycan search list of Byonic (52 common biantennary). To make the extracted ion 

chromatograms (EICs) for a given peptide, the ions of each glycoform were extracted from the 

MS1 spectrum using their respective m/z (observed m/z from the peptide with the highest Byonic 

score, mass tolerance: ± 0.005 for purified protein samples, ± 0.003 for whole-medium digested 

samples), then overlaid to compare the relative ion intensity. The EICs were smoothed using 

Gauss algorithm. All EICs were manually generated and analyzed using Thermo Xcalibur 

software. 

 

POFUT2, 3 and 4, and N-terminal EMI, expression and purification 

Recombinant POFUT2, POFUT3 and POFUT4 (GFP tagged, lacking transmembrane domain) 

were expressed and purified from HEK293F cells. HEK293F cells were maintained in 

Freestyle293TM medium to a density of 3 x 106 cells/mL. For transfection, 200 x 106 of cells 

were calculated and centrifuged at 800 rpm for 3 minutes. Cell pellets were resuspended in 50 

mL of 9:1 medium (Freestyle293TM medium: EX-Cell® medium (Sigma Aldrich), v/v), and 
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transiently transfected with 200 µg of pGEn2-GFP-hPOFUT2, pGEn2-GFP-hFUT10, pGEn2-

GFP-hFUT11, or pGEn2-GFP plasmids (4 µg plasmid/mL) with 450 µL PEI (1 µg/µL stock). 

After 24 hours, Valproic acid (Sigma Aldrich) was supplemented to cells in 50 mL of 9:1 

medium to a final concentration of 2.2 mM. 3 days later, culture medium was collected and 

filtered through 0.45 µm filters (Millipore). 

For generating non-fucosylated EMI substrates for enzymatic assays, 200 x 106 of HEK293F 

cells were resuspended in 50 mL of 9:1 medium containing 200 µM 6-AF, and transiently 

transfected with 200 µg of pcDNA4-N-terminal EMI-Myc-His6 plasmid (4 µg plasmid/mL) with 

450 µL PEI (1 µg/µL stock). After 24 hours, Valproic acid was diluted to 2.2 mM in 50 mL of 

9:1 medium containing 200 µM 6-AF and added to transfected cells. After 3 days, culture 

medium was collected and filtered through 0.45 µm filters. 

Recombinant proteins were purified using Ni-NTA affinity chromatography with 1 mL Ni-NTA 

agarose and eluted with 3 mL of 250 mM imidazole in Tris buffered saline, pH 7.5 (TBS). Eluted 

proteins were buffer exchanged to 10% glycerol in 50 mM HEPES, pH 7 with 10 kDa molecular 

weight cutoff centrifugal filters (Amicon) using manufacturer’s recommended procedures and 

stored at -80°C until use. Protein concentration was measured with NanoDrop (Thermo Fisher). 

The extinction coefficient values for individual proteins were calculated based on their respective 

sequences on ProtParam tool in ExPASy (168). The purity of proteins was verified by SDS-

PAGE and Coomassie blue staining. 

 

Enzymatic assay for POFUT activity 

For acquiring the time-dependent EMI modifying profiles for POFUT3 and POFUT4, 0.1 µM of 

recombinant POFUT3, POFUT4, or GFP was incubated in 50 µL reaction mixtures containing 
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100 µM GDP-fucose, 0.5 µM purified non-fucosylated N-terminal EMI, and 50 mM HEPES, pH 

7. Reactions were incubated at 37°C for indicated times. For acquiring the substrate 

concentration-dependent kinetics of POFUT3 and POFUT4, 50 nM of recombinant POFUT3 or 

POFUT4 was incubated in 30 µL reaction mixtures containing 100 µM Ultra-pure GDP-fucose 

(Promega), 0.3 mM MnCl2 with 0.156 µM, 0.313 µM, 0.625 µM, 1.25 µM, 2.5 µM, 5 µM, 10 

µM, 20 µM or 30 µM of purified non-fucosylated N-terminal EMI in 50 mM HEPES, pH 7. 

Reactions were incubated at 37°C for 15 min and stopped by adding 500 µL of cold acetone. For 

negative control samples, reaction mixtures containing 1.25 µM EMI substrate but without 

enzyme were precipitated with acetone first, followed by adding POFUT3 or POFUT4 to a final 

concentration of 50 nM. The acetone-precipitated proteins were reduced, alkylated, digested with 

trypsin, and analyzed with nano LC-MS/MS using the procedures described earlier. Data 

analysis with Byonic, EIC generation and quantification were performed as described earlier. 

The conversion of the relative abundance of fucosylation to product concentrations was 

performed using the following equation: 

Product concentration = (Fuc%-Fuc% background) X EMI substrate concentration (Fuc%: relative 

abundance of fucosylation; Fuc% background: relative abundance of fucosylation in negative control 

samples). 

The kinetic curve was plotted using product formation rate per enzyme amount (nmol/min/mg) 

with EMI substrate concentration (µM). The kinetic parameters were determined with nonlinear 

Michaelis-Menten least squares (ordinary) fitting in Prism 7. All reactions were performed in 

biological triplicates with three batches of purified enzymes. 
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EMI unfolding assays 

20 µg of purified recombinant unmodified N-terminal EMI (prepared as described above) or 

THBS1 TSR3 (bacterially expressed) was denatured in 100 µL of buffer containing 0.4 M 

ammonium bicarbonate, 8 M urea with or without 5 mM TCEP (Thermo Fisher) and incubated at 

50°C for 15 minutes. After cooling down to room temperature, 20 µL of 200 mM iodoacetamide 

or water was added. Samples were incubated at room temperature for 40 minutes in dark. 

Samples were then buffer exchanged to 100 µL of 10% glycerol in 50 mM HEPES, pH 7 using 

10 kDa molecular weight cutoff Zeba spin column (Thermo Fisher) according to manufacturer’s 

recommended procedures. Protein concentrations were measured by Nano-drop with extinction 

coefficient number of 10.6% (calculated with ProtParam tool in ExPASy using the protein 

sequence of N-terminal EMI). Proteins were stored at -80°C until use. Unmodified human 

THBS-1 TSR3 was expressed and purified from Escherichia coli BL21 strain (Invitrogen) as 

previously described (44). Unfolded and folded proteins were verified by SDS-PAGE and 

Coomassie blue staining. 

Enzymatic assays with folded or unfolded substrates were performed in 50 µL reaction 

containing 0.1 µM of purified enzyme (recombinant POFUT3/4 or POFUT2), 0.5 µM folded or 

unfolded substrate (N-terminal EMI or THBS1 TSR3), 100 µM GDP-fucose and 50 mM 

HEPES, pH 7. Reactions were incubated at 37°C for 0, 1, 2, or 4 hours before stopped with 500 

µL of cold acetone. Reaction products were reduced, alkylated, digested with trypsin (for N-

terminal EMI) or double-digested with trypsin/chymotrypsin (for THBS1 TSR3), and analyzed 

with nano LC-MS/MS using the procedures described earlier. All reactions were performed in 

biological triplicates with three batches of purified enzymes. 
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Western blot-based secretion assay 

HEK293T WT or FX KO cells (1 x 106 cells per well) were seeded in 6-well dishes and 

incubated overnight to reach a confluency of 80%. Medium was changed to 1 mL Opti-MEM 

before transfection. Transiently transfection was performed using PEI (6 µL PEI per 1 µg 

plasmid) with 2 µg/well pcDNA3.1-hMMRN1 WT-Myc-His6, 2 µg/well pcDNA3.1-hMMRN1 

T216A-Myc-His6, 2 µg/well pcDNA3.1-hMMRN1 T265A-Myc-His6, 2 µg/well pcDNA3.1-

hMMRN1 T216A/T265A-Myc-His6, 2 µg/well pcDNA3.1-hMMRN1 T1055A-Myc-His6, 0.5 

µg/well pcDNA4-N-terminal EMI-Myc-His6, 1 µg/well pSec-mNOTCH1 EGF1-18-Myc-His6, 1 

µg/well pSec-hAdamTS9 TSR2-8-Myc-His6, or empty vector, together with 0.1 µg/well IgG 

plasmid as secretion control. Cells were incubated for 48 hours before collecting medium 

samples. 100 µL of medium were precipitated with 500 µL of cold acetone incubating overnight 

at -20°C. After centrifuging at 12,700 rpm for 15 minutes at 4°C, pellets were resuspended in 12 

µL of 2X denaturing sample buffer (contains 0.04% SDS, 200 mM 2-mercaptoethanol, 20% 

glycerol in 100 mM Tris/HCl, pH 6.8) by sonication for 10 minutes and boiling at 105°C for 5 

minutes. For collecting lysate samples, transfected cells were freeze-thawed with one cycle at -

20°C to break down long DNA chains. Cell pellets were lysed with 200 µL of RIPA buffer 

(Thermo Fisher, 89900), incubated on ice for 15 minutes and centrifuged at 12,700 rpm for 5 

minutes at 4°C. Cleared supernatants were collected. 10 µL of cell lysate was used for analysis. 

Samples were loaded onto 4-20% SDS-PAGE (Bio-Rad), transferred to a nitrocellulose 

membrane. Membranes were blocked with 5% nonfat milk (Bio-Rad) for 30 minutes at room 

temperature, followed by incubation with anti-Myc antibody (Clone 9E10, Invitrogen, 1:2500) at 

4°C overnight. Membranes were then incubated with IDRye 800-conjugated goat anti-mouse 

IgG antibody (LI-COR, 1:2500) and IDRye 680-conjugated goat anti-human IgG antibody (LI-
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COR, 1:2500) for 1 hour at room temperature. The Western blot bands were visualized and 

quantified using Odyssey System (LI-COR). 

 

CRISPR /Cas9-mediated genome editing 

CRISPR-Cas9 HEK293T knockouts of FX, SLC35C1, POFUT3, POFUT4, and double knockout 

of POFUT3/4 were generated by Dr. Youxi Yuan. 

 

Analysis of N-glycans on N-terminal EMI by PNGase F digestion 

6 X 106 of HEK293T cells were seeded and grown to 70% confluence in 10-cm dishes. Cells 

were transiently transfected with 5 µg of pcDNA4-N-terminal EMI-Myc-His6 or 2 µg of 

pSecTag2-mLfng-Myc-His6 using PEI (6 µL per 1 µg of DNA, 1 µg/µL stock) in 8 mL of Opti-

MEM (Thermo Fisher, 31985088). After 2 days, cell medium from 3-5 plates of cells was 

combined. Recombinant proteins were purified using Ni-NTA (Qiagen) affinity chromatography 

with 600 µL agarose and eluted with 600 µL of 250 mM imidazole in Tris buffered saline, pH 

7.5 (TBS). 50 µL of Ni-NTA elution was precipitated with 250 µL of cold acetone and incubated 

at -20ºC for 2 hours. Samples were centrifuged at 12,700 rpm for 15 minutes at 4ºC. Protein 

pellets were resolubilized with 20 µL of reduction buffer containing 1% SDS, 10 mM TCEP, and 

0.4 M NH4HCO3 with vigorous shaking. Proteins were boiled at 105ºC for 5 minutes and cooled 

to room temperature. 10 µL of 100 mM Iodoacetamide (Sigma Aldrich) was added and samples 

were incubated in dark for 40 minutes. 170 µL of 1% NP-40/TBS was added to dilute SDS to a 

final concentration of 0.1%. 1.5 µL of PNGase F (20 units/µL, Lectez Bio) was added to samples 

and incubated at 37ºC for over 6 hours. Samples were precipitated with 1 mL of cold acetone and 

incubated at -20ºC for 2 hours. Protein pellets were obtained by centrifuging at 12,700 rpm for 
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15 minutes at 4ºC, followed by resolubilizing with 12 µL of 2X denaturing sample buffer 

(contains 0.04% SDS, 200 mM 2-mercaptoethanol, 20% glycerol in 100 mM Tris/HCl, pH 6.8) 

by sonication for 10 minutes and boiling at 105°C for 5 minutes. Proteins were analyzed with 

Western Blot probed with anti-Myc antibody (Clone 9E10, Invitrogen, 1:2500) as previously 

described. 

 

Metal ion screening assay 

0.1 µM of recombinant POFUT3 or POFUT4 was incubated in 50 µL reaction mixtures 

containing 100 µM GDP-fucose, 0.5 µM purified non-fucosylated N-terminal EMI, and varied 

concentrations of divalent metal ions (MnCl2, MgCl2 or CaCl2, dissolved in water) or 5 mM of 

EDTA in 50 mM HEPES, pH 7. Reactions were incubated at 37°C for 4 hours and stopped by 

adding 250 µL of cold acetone. Proteins were incubated with acetone at -20°C for 2 hours and 

centrifuged at 12,700 rpm at 4ºC for 15 minutes. Protein pellets were reduced, alkylated, 

digested with trypsin, and analyzed with nano LC-MS/MS using the procedures described earlier. 

Data analysis with Byonic, EIC generation and quantification were performed as described 

earlier. 

 

GDP-Glo glycosyltransferase assay 

50 nM of recombinant POFUT3 was incubated in 20 µL reaction mixtures containing 100 µM 

Ultra-pure GDP-fucose (Promega), 0.3 mM MnCl2 with 0.156 µM, 0.313 µM, 0.625 µM, 1.25 

µM, 2.5 µM, 5 µM, 10 µM, 20 µM or 30 µM of purified non-fucosylated N-terminal EMI in 50 

mM HEPES, pH 7. Reactions were incubated at 37°C for 15 min and samples were immediately 

put on ice. According to the manufacturer’s guidelines, adding the nucleotide detection reaction 



 

59 

buffer (NDR, Promega) supplied with the GDP Glo Enzyme (Promega) should terminate enzyme 

activity, followed by a one-hour incubation period before luminescence detection. However, we 

observed that POFUT3 still exhibited weak activity in the presence of the NDR buffer. We 

modified the protocol to immediately detect luminescence after adding the NDR buffer (with 

GDP Glo enzyme). The GDP standard (Promega) used in parallel showed a strong linear 

relationship with an R-square (r2) value over 0.999 (data not shown), indicating that the 

luminescence is directly proportional to the GDP concentration within the reactions. Produced 

GDP was quantified based on GDP standards and converted to desired units (nmol/min/mg). The 

kinetic parameters were determined with nonlinear Michaelis-Menten least squares (ordinary) 

fitting in Prism 7. All reactions were performed in biological triplicates with three batches of 

purified enzymes. 
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Data Availability 

Dataset 1 includes MS2 spectra used for the EIC generation in this paper was uploaded to a 
server: 
https://1drv.ms/f/s!AqYxR6fJYhp0j2xErR2Y81DO77MQ?e=1Sc95B 
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2.6 Main Text Tables and Figures 

Table 2.1 N-terminal EMI concentration-dependent kinetic analysis of POFUT3 and 

POFUT4 

Kinetic parameter POFUT3 POFUT4 
T216 T265 T216 T265 

Vmax (nmol/min/mg) 280.4 73.58 48.92 5.786 
Km (µM) 36.81 17.47 6.738 0.999 
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Figure 2.1 Two novel O-fucose sites were identified on the EMI domain of MMRN1. (A) 
Domain organization of human MMRN1 protein. The positions of O-linked fucosylation and N-
glycan sequons are shown as red triangles and green branches, respectively. Protein domains are 
illustrated: yellow - RGD motif (cell attachment site); blue – EMI domain; green – coiled-coil 
region; red – EGF-like domain; orange – C1q domain. Black arrows indicate the expression 
constructs used in this study. (B) AlphaFold structure of the EMI domain from MMRN1. Data 
from Dr. Mark Larance. (C) Cartoon of the homotrimer MMRN1 structure with key domains 
shown. Insert – protein sequence alignment of all human EMI domains. Sequence alignment data 
from Dr. Mark Larance. (D) HCD-MS/MS spectra of fucosylated peptides 209NWCAYVHTR217 

and 263IVTSLDWR270 that contain the novel T216 and T265 O-fucose sites in MMRN1 EMI 
domain. Extracted ion chromatograms (EICs) of different glycoforms were inserted for each 
peptide: red lines, O-fucose modified; black lines, unmodified. Spectra for corresponding 
unmodified peptides used for EIC generation are in Dataset S1. 
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Figure 2.2 Neither POFUT1 nor POFUT2 is responsible for the O-fucosylation of MMRN1 
EMI domain. (A) EICs of different glycoforms of peptides containing the T216 or T265 O-
fucose site from N-terminal EMI produced in HEK293T WT, POFUT1 KO, POFUT2 KO, or 
FX KO cells. EICs of positive controls (mNOTCH1 EGF1-5 for POFUT1-mediated EGF O-
fucosylaton, THBS1 TSR1-3 for POFUT2-mediated TSR O-fucosylation) are in SI Appendix, 
Figure 2S1, A and B. Spectra for the corresponding ions are in Dataset S1. (B) EICs of different 
glycoforms of peptides containing T216 or T265 O-fucose sites, or N136 N-glycan site from N-
terminal EMI produced in HEK293T WT cells incubated with DMSO or 6-alkynyl fucose (6-
AF). EICs of positive controls (mNOTCH1 EGF1-5 and THBS1 TSR1-3 for 6-AF 
incorporation) are in are in SI Appendix, Figure 2S1 C and D. Spectra for the corresponding ions 
are in Dataset S1. 
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Figure 2.3 FUT10 and FUT11 are POFUTs that are responsible for the O-fucosylation of 
MMRN1 EMI domain. (A) 0.1 µM of purified POFUT3, POFUT4, or GFP (negative control) 
was incubated with 0.5 µM non-fucosylated N-terminal EMI and 100 µM of GDP-fucose for 
indicated time periods. Reaction products were reduced, alkylated, digested with trypsin, and 
analyzed by nano LC-MS/MS. EICs of different glycoforms of peptides containing T216 or 
T265 O-fucose site on N-terminal EMI were generated. (B) Relative abundances of O-
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fucosylation at T216 and T265 sites for each reaction were calculated from the EICs in (A) and 
plotted as time-dependent curves. Data presented as mean with standard deviation (SD) from 
biological triplicates using three batches of purified enzymes (Figure 2S4). 
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Figure 2.4 Substrate concentration-dependent kinetics of POFUT3 and POFUT4. (A) 50 
nM of purified POFUT3/4 was incubated with varied concentration of non-fucosylated N-
terminal EMI, 100 µM of ultra-pure GDP-fucose and 0.3 mM MnCl2 for 15 minutes. Reaction 
products were reduced, alkylated, digested with trypsin, and analyzed by nano LC-MS/MS. O-
fucosylation stoichiometry on T216 site and T265 site was quantified from EICs and converted 
into product concentration. Kinetic analysis was performed with nonlinear Michaelis-Menten 
fitting in Prism 7. (B) Data points with substrate concentrations ranging from 0 to 2.5 µM in (A) 
were zoomed in to show the distinct kinetic profiles of POFUT3 and 4 with low substrate 
concentration. Data presented as mean with SD from biological triplicates using three batches of 
purified enzymes (Figure 2S8). 
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Figure 2.5 EMI O-fucosylation in POFUT3 and POFUT4 SKO and DKO cells. (A) EICs of 
different glycoforms of peptides containing the T216 or T265 O-fucose site from N-terminal 
EMI produced in HEK293T WT, POFUT3 KO, POFUT4 KO, or POFUT3/4 DKO cells. (B) 
Relative abundances of O-fucosylated glycoforms in (A) were quantified. P3-11, POFUT3 KO 
cells-clone 11; P3-16, POFUT3 KO cells-clone 16; P4-23, POFUT4 KO cells-clone 23; P4-43, 
POFUT4 KO cells-clone 43; P3/4-17, POFUT3/4 DKO cells-clone 17; P3/4-25, POFUT3/4 
DKO cells-clone 25. Statistical analysis was performed with unpaired t test in Prism 7. **, p < 
0.01; ***, p < 0.001; ****, p < 0.0001 compared with control (WT cells). (C) EICs of different 
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glycoforms of peptides containing the T216 or T265 O-fucose site from N-terminal EMI 
produced in HEK293T WT or POFUT3/4 DKO cells that co-transfected with plasmids encoding 
POFUT3, POFUT4 or empty vector (EV). (D) Quantified relative abundances of O-fucosylated 
glycoforms in (C). EV, empty vector; P3, POFUT3 plasmid; P4, POFUT4 plasmid. Statistical 
analysis was performed with unpaired t test in Prism 7. ****, p < 0.0001 compared with control 
(empty vector). All data was shown as mean with SD from biological triplicates of three 
individual transfections (Figure 2S10 and Figure 2S11). 
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Figure 2.6 POFUT3 and POFUT4 require folded EMI structures for modification and 
function in the ER, participating in a non-canonical ER quality control pathway for EMI 
domains. (A) POFUT enzymatic assays with folded and unfolded substrates (N-terminal EMI or 
THBS1 TSR3) for POFUT3, POFUT4, or POFUT2 (positive control). EICs of the reaction 
products were generated and quantified. Relative abundances of O-fucosylated glycoforms were 
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calculated and plotted as time-dependent curves. Data was shown as mean with SD from 
biological triplicates using three batches of purified enzymes (Figure 2S14). (B) POFUT3 and 
POFUT4 function in the ER rather than Golgi. EICs of different glycoforms of peptides 
containing T216 or T265 O-fucose sites, or N136 N-glycan site from N-terminal EMI produced 
in HEK293T WT or SLC35C1 KO cells were generated. Spectra for the corresponding ions are 
in Dataset S1. (C) HEK293T cells were transfected with plasmids encoding Myc-tagged 
MMRN1 WT, MMRN1 T216A, MMRN1 T265A, MMRN1 T216A/T265A, MMRN1-T1055A, 
or empty vector (EV) and IgG (secretion control). 2-days culture medium was collected and 
analyzed by Western Blot probed with anti-Myc and anti-human IgG antibodies. (D) The bar 
graph shows quantified band intensity of MMRN1 normalized with IgG band intensity obtained 
in panel (C). (E-H) HEK293T WT or FX KO cells were transfected with plasmids encoding 
Myc-tagged N-terminal EMI, NOTCH1 EGF1-18, AdamTS9 TSR2-8, or empty vector (EV) and 
IgG (secretion control). Cells were cultured for 2 days. Culture medium and cell lysates were 
analyzed by Western Blot probed with anti-Myc and anti-human IgG antibodies, presented in 
panel (E) and (G), respectively. Bar graphs show quantified band intensity of protein normalized 
with IgG bands in culture medium and cell lysates, presented in panel (F) and (H), respectively. 
All data was shown as mean with SD from biological triplicates of three individual transfections 
(Figure 2S15 and Figure 2S16). 
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2.7 Supporting Information Tables and Figures 

Contents 

Tables 2S1-2S2 

Figures 2S1-2S16 
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Table 2S1. N-terminal EMI concentration-dependent kinetic analysis of POFUT3 

Substrate POFUT3 
Km (µM) Vmax (nmol/min/mg) 

N-terminal EMI 47.22 482.0 
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Table 2S2. List of primers sequences 

 

 

 

 

Name Primer sequence 

pcDNA3.1-hMMRN1 T265A-Myc-His6 and pcDNA3.1-hMMRN1 T216A/T265A-Myc-His6 

5’ AI452 5’-ATAAAATTGTCGCCTCATTGGATTGGAGGTGCTGTCC-3’ 

3’ AI464 5’-ATCCAATGAGGCGACAATTTTATGTTGCATCCTATAGACAGG-3’ 

pcDNA4-N-terminal EMI-Myc-His6 

5’ AI364 5’-ATATATAAGCTTGCCACCATGAAGGGGGCAAGATTATTTG-3’ 

3’ AI365 5’-ATCTAGCTCGAGCAAACTTTGCTGTTCCTGGG-3’ 

pcDNA4-full length hFUT10 (POFUT3)-Myc-His6 and pcDNA4-full length hFUT11 
(POFUT4)-Myc-His6 

5’ AI456 5’-TGGCTAGTTAAGCTTGCCACCATGGTGAGAATC-3’ 

3’ AI457 5’-CTCGAACTTGCCCAGCTCCACCATCACCTGCAG-3’ 

5’ AI458 5’-CTGGGCAAGTTCGAGCG-3’ 

3’ AI459 5’-CCCTCTAGACTCGAGGTCCTTAAAGACCAGGCC-3’ 

5’ AI454 5’-CTCGAGTCTAGAGGGCCCTTC-3’ 

3’ AI455 5’-AAGCTTAACTAGCCAGCTTGGG-3’ 

5’ AI460 5’-TGGCTAGTTAAGCTTGCCACCATGGCCGCCGGC-3’ 

3’ AI461 5’-CCCGCCGGCCTCCCTCTCGGCCACGCTGCCGTG-3’ 

5’ AI462 5’-AGGGAGGCCGGCGGGGAG-3’ 

3’ AI463 
5’-
CCCTCTAGACTCGAGGAGATGTTGCCTCTTCATGAAGATTTCATGTAGG
TAATC-3’ 
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Figure 2S1. Mass spectrometric analysis of peptides from transfected mNOTCH EGF1-5 
and THBS1 TSR1-3 as positive controls for the data shown in Figure 2.2. (A) EICs of 
different glycoforms of peptides from EGF2, 3, and 5 of mNOTCH EGF1-5 expressed and 
purified in HEK293T WT, POFUT1 KO, or FX KO cells, demonstrating the loss of O-fucose on 
known POFUT1 substrate when knocking out POFUT1 or FX. (B) EICs of different glycoforms 
of peptides from TSR1, 2, and 3 of THBS1 TSR1-3 expressed and purified in HEK293T WT, 
POFUT2 KO, or FX KO cells, demonstrating the loss of O-fucose on known POFUT2 substrate 
when knocking out POFUT2 or FX. (C)  EICs of peptides from EGF2, 3, and 5 of mNOTCH 
EGF1-5 expressed and purified in HEK293T WT that metabolic labeled with 6-alkynyl fucose 
(6-AF) or equal volume of DMSO, showing the incorporation of 6-AF to known POFUT1 
substrate. (D) EICs of peptides from TSR1, 2, and 3 of THBS1 TSR1-3 expressed and purified in 
HEK293T WT that metabolic labeled with 6-AF or equal volume of DMSO, demonstrating the 
incorporation of 6-AF to known POFUT2 substrate. Spectra for the corresponding ions are in 
Dataset S1. 
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Figure 2S2. Mass spectrometric analysis of peptides from full-length MMRN1 that 
expressed and purified from HEK293T WT, POFUT1 KO, and POFUT2 KO cells. (A) 
HEK293T WT, POFUT1 KO or POFUT2 KO cells were transfected with a plasmid encoding 
MMRN1. After 2 days, MMRN1 was purified from conditioned media using Ni-NTA agarose as 
described in Materials and Methods. MMRN1 was analyzed by Western Blot probed with anti-
Myc and anti-His antibodies. FT: flowthrough from Ni-NTA purification; Elu1: first elution; 
Elu2: second elution. (B) MMRN1 from panel (A) was reduced, alkylated, digested with trypsin, 
and analyzed by mass spectrometry. EICs of different glycoforms of the peptides containing 
T216 or T265 O-fucose sites were generated. 
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Figure 2S3. Purified, recombinant FUT10, FUT11, and non-fucosylated N-terminal EMI 
used for the enzymatic assays. (A) EICs of different glycoforms of peptides containing the 
T216 or T265 O-fucose site from N-terminal EMI produced in HEK293F cells that incubated 
with 6-AF or equal volume of DMSO, demonstrating the non-fucosylated status of N-terminal 
EMI purified from 6-AF treated HEK293F cells. 300 µL of conditioned culture medium was 
used for mass spectrometric analysis. (B) The N-terminal EMI produced in panel (A) was 
purified by Ni-NTA agarose as described in Materials and Methods. The purity of protein was 
verified by Coomassie blue staining. 35 µL Ni-NTA elution (6% of total purified proteins from a 
100 mL cell culture) was used for testing. (C) Coomassie blue staining of FUT10 and FUT11 
expressed and purified from HEK293F cells as described in Materials and Methods. 10 µL Ni-
NTA elution (2% of total purified proteins produced from a 100 mL cell culture) was used for 
testing. 
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Figure 2S4. Biological triplicates for the data presented in Figure 2.3. Enzymatic assays 
using 0.5 µM non-fucosylated N-terminal EMI, 100 µM of GDP-fucose, and 0.1 µM of purified 
POFUT3, POFUT4, or GFP (negative control). Reaction products were analyzed with nano LC-
MS/MS and EICs of peptides containing the T216 or T265 O-fucose site from N-terminal EMI 
were generated as described in Materials and Methods. In addition to the one replicate used in 
Figure 2.3A, two additional biological replicates of data included for the statistical analysis in 
Figure 2.3B were presented. 
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Figure 2S5. N-terminal EMI contains multiple N-glycans. N-terminal EMI and Lfng (contains 
one N-glycan, used as a positive control) were expressed and purified from HEK293T cells. 
Proteins were reduced, alkylated, treated with PNGase F, and analyzed by Western Blot probed 
with anti-Myc antibodies as described in SI Appendix, Supplementary Methods. 
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Figure 2S6. POFUT3 and POFUT4 do not modify N-glycans in enzymatic assays. Mass 
spectrometric analysis of peptides 125FNPGAESVVLSNSTLK140 containing a complex N-glycan 
site in N-terminal EMI that was produced in the enzymatic assays shown in Figure 2.3. EICs of 
N-glycosylated peptides with or without fucosylation were generated. Biological triplicates of 
data using three batches of purified enzymes were presented. 
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82 

 
Figure 2S7. The activities of POFUT3 and POFUT4 were enhanced by divalent metal ions. 
Enzymatic assays of POFUT3 and POFUT4 with N-terminal EMI were supplied with varied 
concentrations of MnCl2 (A), MgCl2 (C), or CaCl2 (C). Reaction products were analyzed with 
nano LC-MS/MS. EICs of peptides containing the T216 or T265 O-fucose site from N-terminal 
EMI were generated and quantified in (B) and (D). Experimental details can be found in SI 
Appendix, Supplementary Methods. 
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Figure 2S8. Biological triplicates for the data presented in Figure 2.4. Kinetic analysis of 
POFUT3 and POFUT4 with varied concentrations of N-terminal EMI substrates. Reaction 
products were analyzed using a mass spectrometric method as described in Materials and 
Methods. Biological triplicates of data included for the kinetics analysis in Figure 2.4 were 
presented as EICs in (A), (C), and (E), and plotted kinetic curves in (B), (D), and (F). 
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Figure 2S9. Substrate concentration-dependent kinetics of POFUT3 measured by GDP-Glo 
Glycosyltransferase assay. 50 nM of purified POFUT3 was incubated with varied concentration 
of non-fucosylated N-terminal EMI, 100 µM of ultra-pure GDP-fucose and 0.3 mM MnCl2 for 
15 minutes. GDP-Glo Glycosyltransferase assays were performed to determine the kinetic 
parameters (SI Appendix, Table S1). The curve was generated with nonlinear Michaelis-Menten 
fitting in Prism 7. Experimental details can be found in SI Appendix, Supplementary Methods. 
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Figure 2S10. Biological triplicates for the data presented in Figure 2.5, A and B. N-terminal 
EMI was expressed in HEK293T WT, POFUT3 KO, POFUT4 KO, or POFUT3/4 DKO cells. 
300 µL of conditioned culture medium were analyzed with nano LC-MS/MS as described in 
Materials and Methods. EICs of peptides containing the T216 or T265 O-fucose site from N-
terminal EMI were generated. In addition to the one replicate used in Figure 2.5A, two additional 
biological replicates of data included for the statistical analysis in Figure 2.5B were presented. 
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Figure 2S11. Biological triplicates for the data presented in Figure 2.5, C and D. N-terminal 
EMI was transfected in HEK293T WT or POFUT3/4 DKO cells that co-transfected with 
plasmids encoding POFUT3, POFUT4 or empty vector (EV). 300 µL of conditioned culture 
medium were analyzed with nano LC-MS/MS as described in Materials and Methods. EICs of 
peptides containing the T216 or T265 O-fucose site from N-terminal EMI were generated. In 
addition to the one replicate used in Figure 2.5C, two additional biological replicates of data 
included for the statistical analysis in Figure 2.5D were presented. 
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Figure 2S12. POFUT3 and POFUT4 do not modify N-glycans in cells. Mass spectrometric 
analysis for N-glycan fucosylation using the data obtained in Figure 2.5, C and D, and Figure 
2S11. EICs of different glycoforms of peptides 125FNPGAESVVLSNSTLK140 modified with 
fucosylated N-glycans were generated. Biological triplicates of data using three batches of 
purified enzymes were presented. 
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Figure 2S13. Folded and unfolded substrates (N-terminal EMI and THBS1 TSR3) and 
purified POFUT2 used for EMI unfolding assays that presented in Figure 2.6A. (A) Non-
fucosylated N-terminal EMI and bacterial produced THBS1 TSR3 were unfolded as described in 
in Materials and Methods. 5 µg of proteins were mixed with non-denaturing sample buffer 
(contains 0.04% SDS, 20% glycerol in 100 mM Tris/HCl, pH 6.8) and loaded for Coomassie 
blue staining. Fold BSA standard: 2 µg BSA mixed with non-denaturing sample buffer; unfold 
BSA standard: 2 µg BSA mixed with denaturing sample buffer (contains 0.04% SDS, 200 mM 
2-mercaptoethanol, 20% glycerol in 100 mM Tris/HCl, pH 6.8) and boiled at 105°C for 5 
minutes. (B) Purity of the recombinant and purified POFUT2 was verified by Coomassie blue 
staining. 
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Figure 2S14. Biological triplicates for the data presented in Figure 2.6A. Enzymatic assays 
of POFUT3 and POFUT4 with folded or unfolded N-terminal EMI substrates. POFUT2 with 
folded or unfolded THBS1 TSR3 was used as a positive control. Reaction products were 
analyzed with nano LC-MS/MS and EICs of peptides containing the T216 or T265 O-fucose site 
from N-terminal EMI were generated as described in Materials and Methods. Biological 
triplicates of data included for the curve plotted in Figure 2.6A were presented. 
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Figure 2S15. Comparing MMRN1 WT with MMRN1 T216A, MMRN1 T265A, MMRN1 
T216A/T265A, and MMRN1-T1055A mutants. (A) Full-length MMRN1 WT, T216A mutant, 
and T265A mutant were expressed and purified from HEK293T cells. The O-fucosylation status 
on the T216 and T265 sites on EMI domain was analyzed by nano LC-MS/MS as described in 
Materials and Methods. (B) Secretion assays of MMRN1 WT, MMRN1 T216A, MMRN1 
T265A, MMRN1 T216A/T265A, and MMRN1-T1055A in HEK293T cells. In addition to the 
one replicate used in Figure 2.6C, two additional biological replicates of data included for the 
statistical analysis in Figure 2.6D were presented. 
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Figure 2S16. Biological triplicates for the data presented in Figure 2.6, E-H. HEK293T WT 
or FX KO cells were transfected with N-terminal EMI, NOTCH1 EGF1-18, AdamTS9 TSR2-8, 
or empty vector (EV) and IgG (secretion control). Cells were incubated for 2 days. Culture 
medium and cell lysates were analyzed by Western Blot probed with anti-Myc and anti-human 
IgG antibodies. In addition to the one replicate used in Figure 2.6, E and G, two additional 
biological replicates of data included for the statistical analysis in Figure 2.6, F and H were 
presented. 
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CHAPTER 3 

PROFILING OF O-FUCOSE PROTEOME OF POFUT1 AND POFUT2 USING 6-ALKYNYL 

FUCOSE 
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3.1 Abstract 

Domain-specific O-fucosylation by Protein O-fucosyltransferase 1 and 2 (POFUT1 and 2) is a 

rare type of O-glycan in mammals. It plays critical roles in numerous biological events by 

modulating the functions of proteins it modified, including the Notch receptor and ADAMTS 

family proteins. Systematic identification of intact O-fucosylated peptides at the proteomic level 

remains a key challenge, primarily because the O-fucose subpopulation constitutes a very small 

fraction of all O-glycans in cells. Furthermore, unlike other glycan modifications that generate 

oxonium ions as signatures of glycopeptide spectra in mass spectrometric analysis, O-fucose is 

frequently observed as a neutral loss, complicating the confident assigning of glycopeptides. 

Here, through metabolic labeling with 6-alkynyl fucose and bioorthogonal conjugation, we ‘click 

on’ O-fucosylated peptides with an O-fucose-specific diagnostic tag, Fuc6nyl*. The conjugated 

Fuc6nyl* displayed unique mass spectrometric features by generating high-intensity, O-fucose-

specific diagnostic ions that greatly improved the confident assigning of glycopeptides. Using 

Fuc6nyl* conjugation coupled with a peptide-centric enrichment strategy, we developed a 

glycoproteomic workflow for the profiling of the O-fucose proteome of POFUT1/2, named 

Direct detection of Fucose Analog-Tagged peptides (DidFAT). In a proof-of-principle 

experiment with expressed ADAMTS9 in MGAT1 KO HEK293F cells lacking complex/hybrid 

N-glycans, we observed robust enrichment of peptides from all fucosylated Thrombospondin 

Type 1 repeats (TSRs) using DidFAT, with over 90% of the spectra containing the O-fucose-

specific diagnostic ions. Furthermore, we confidently identified a handful of endogenous 

proteins with canonical O-fucose consensus sequences, including Versican and ADAMTS1. 

Additionally, we unexpectedly discovered O-fucose sites in peptides located within an 

unannotated Epidermal Growth Factor-like (EGF) repeat of Agrin and within a noncanonical 
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consensus sequence of Fibrillin-2 (and Fibrillin-1). We envision that DidFAT will provide a 

much deeper coverage of O-fucose proteome of POFUT1/2 and discover more novel targets to 

study. 

 

3.2 Introduction 

Fucose is a common component of glycan structures in mammals. The fucose residues typically 

occur as terminal modifications on glycan structures. These include core fucosylation of N-

glycans, in which fucose is added to the innermost GlcNAc moiety of the chitobiose unit, as well 

as terminal fucosylation on Lewis epitopes and H antigens on the branches of N-glycans and 

Mucin-type O-glycans (21, 23). In addition, fucose can be directly linked to proteins via an O-

linkage to the hydroxyl groups of Serine (S) or Threonine (T) residues located within a specific 

protein domain (43).  

To date, three types of domain-specific O-fucosylation are identified in mammals: O-

fucosylation of Epidermal Growth Factor-like (EGF) repeats containing the consensus sequence 

C2XXXX[S/T]C3 (where C2 and C3 are the second and third cysteine in the EGF repeat, S/T is 

the site of modification) mediated by Protein O-fucosyltransferase 1 (POFUT1), O-fucosylation 

of Thrombospondin Type 1 repeats (TSRs) containing the consensus sequence C1XX[S/T]C2 in 

group 1 TSRs and C2XX[S/T]C3 in group 2 TSRs mediated by POFUT2 (40, 41, 53), and the 

recently discovered O-fucosylation of Elastin Microfibril Interface (EMI) domains by POFUT3 

and POFUT4 with a consensus sequence that is yet to be refined (Chapter 2). A growing body of 

literature demonstrates that O-fucosylation plays critical roles in a plethora of physiological and 

pathological processes. Human heterozygous mutations in POFUT1 lead to a rare skin condition 

characterized by pigmentation abnormalities known as Dowling-Degos Disease (57). While no 
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human POFUT2 mutations have been reported to date, knockout of either Pofut1 or Pofut2 in 

mice is embryonic lethal (58, 79). The Notch family proteins contain the most predicted O-

fucose sites of POFUT1 (60). Loss of Pofut1 in mice embryos causes developmental defects 

mirroring those seen in Notch1 knockout, suggesting Notch as the primary biological target of 

POFUT1 in embryogenesis (58). Nearly half of the predicted POFUT2 targets belong to the A-

Disintegrin and Metalloproteinase with ThromboSpondin Type-1 motifs (ADAMTS) family. 

Knockout of Pofut2 in mice embryos causes phenotypes mirroring Adamts9 mutants, suggesting 

POFUT2-mediated O-fucosylation is essential for its biological function in early embryogenesis 

(80). Moreover, dysregulated O-fucosylation is associated with tumorigenesis and poor 

prognosis in numerous cancers (100, 149). 

Database searches with POFUT1 consensus sequence in the context of an EGF repeat reveal that 

87 proteins are predicted to be modified by POFUT1 (23). Similarly, using POFUT2 consensus 

sequence in the context of a TSR, 49 proteins are predicted to be modified by POFUT2. While 

the presence of consensus sequences increases the likelihood for O-fucosylation, it does not 

necessarily guarantee that these sites will be modified. The O-fucose modification status of most 

of the putative targets remains unconfirmed, yet they may have important roles in the biological 

processes regulated by POFUT1 and POFUT2. Furthermore, proteins with domains other than 

EGF repeats or TSRs can be O-fucosylated, as exemplified by the recently identified O-

fucosylation of EMI domains, raising the possibility that proteins outside the list can be modified 

by POFUT1 and POFUT2 (Chapter 2) (126). This underscores the necessity to develop an 

unbiased method to confirm these putative targets and to identify novel targets outside the list. 

We previously demonstrated that through metabolic labeling, peracetylated 6-alkynyl fucose (6-

AF) is passively taken up by cells, converted into GDP-6-AF in the salvage pathway, and 
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transported into the endoplasmic reticulum (ER) (138-140). In the ER, GDP-6-AF is efficiently 

used by POFUT1/2 and incorporated into their respective protein targets. Note that 6-AF is not 

incorporated into EMI domains by POFUT3/4; instead, it functions as an inhibitor, preventing 

the addition of O-fucose on EMI domains (Chapter 2). Through this process, a chemical reporter 

tag (the alkynyl group) is incorporated into the O-fucose proteome of POFUT1/2. This enables 

the conjugation of functionalized biotin probes using biorthogonal chemistry, thus allowing for 

the detection and enrichment of labeled POFUT1/2 targets. 

Leveraging 6-AF as a tool, we aim to build a glycoproteomic workflow for the in-depth profiling 

of intact O-fucosylated peptides, thereby enabling the mapping of the O-fucose proteome of 

POFUT1/2. While the mass spectrometry (MS)-based glycoproteomic methodologies are well-

established across the community, the unambiguous assignments of intact O-fucosylated 

peptides at the proteome level still presents several challenges (169). In contrast to other O-

glycosylation types like O-GalNAc and O-GlcNAc, O-fucose glycans represent a significantly 

lower proportion of all O-glycans (170). Furthermore, most of the predicted targets of 

POFUT1/2 are large membrane or extracellular proteins with multiple domains, posing a 

challenge for the direct detection of fucose modifications on peptides using conventional 

methods, primarily due to ion suppression from abundant nonglycosylated peptides (23, 171). 

Additionally, unlike other glycan modifications that generate oxonium ions as signatures of 

glycopeptide spectra, O-fucose is frequently observed as a neutral loss, adding complexity to the 

confident assignment of glycopeptides. Technical improvements are needed to ensure the 

efficient enrichment of O-fucosylated species and a robust MS-based approach for the 

unambiguous identification of O-fucosylated peptides. 
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Herein, we report a glycoproteomic workflow based on 6-AF metabolic labeling for the profiling 

of O-fucose proteome of POFUT1/2, named Direct detection of Fucose Analog-Tagged peptides 

(DidFAT). Inspired by the Direct Detection of Biotin-containing Tags (DiDBiT) strategy, we 

performed proteolytic digestion of proteins prior to enrichment to increase the yield of 

enrichment and enable the direct detection of modified peptides in MS analysis (172). A 

cleavable biotin enrichment handle (diazo biotin azide) was conjugated to 6-AF-labeled proteins 

through bioorthogonal click chemistry. Chemical cleavage specifically released the labeled 

peptides from enrichment matrix while leaving a signature residue on the peptides. Interestingly, 

this residue displays unique mass spectrometric features by generating high-intensity, O-fucose-

specific diagnostic ions, which greatly improves glycoproteomic analysis. Robust enrichment of 

O-fucosylated peptides were observed in a proof-of-principle experiment with expressed 

ADAMTS9 in the secretome of MGAT1 KO HEK293F cells, with over 90% of peptide-spectrum 

matches (PSMs) containing the diagnostic ions. A handful of endogenous proteins were 

identified with fucose on their predicted sites. Moreover, unexpected O-fucose sites were 

identified on Fibrillin-2 in a noncanonical consensus sequence, and Agrin, which may present an 

unannotated EGF domain. 

 

3.3 Results 

Metabolic labeling of POFUT1/2 targets in cell secretome  

6-alkynyl fucose (6-AF) was previously shown to be able to efficiently incorporate into POFUT1 

and POFUT2 targets, such as NOTCH1 and THBS1, respectively (138-140). However, a portion 

of 6-AF can be incorporated into the core-fucosylation sites on N-glycans (138, 173). We 

hypothesized that the O-fucose proteome of POFUT1/2 could be obtained through metabolic 
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labeling of cells with 6-AF, followed by the removal of all N-glycans (Figure 3.1A). As most 

putative targets of POFUT1/2 are membrane or secreted proteins within the extracellular matrix, 

we started by evaluating the incorporation efficiency of 6-AF in cell secretome. 6-AF was 

peracetylated to enhance its cellular permeability. HEK293T cells were treated with 

peracetylated 6-AF for 2 days, the conditioned culture media was collected, concentrated, 

desalted, and used as 6-AF-labeled secretome. PNGase F digestions were performed to remove 

the N-glycans. To assess the incorporation efficiency of 6-AF and visualize the labeling pattern 

of 6-AF-incorporated proteins, secretome samples were derivatized with diazo biotin azide using 

Copper (I)-catalyzed azide-alkyne cycloaddition (CuAAc or Click chemistry) and analyzed on a 

streptavidin blot. 

Cells transiently transfected with ADAMTS9 TSR2-8 and Lfng were used as positive controls to 

monitor the O-fucose glycan labeling and PNGase F digest efficiency, respectively. ADAMTS9 

TSR2-8 is a known substrate of POFUT2 that contains multiple TSRs with O-fucose sites, while 

Lfng possesses a single complex N-glycan with core-fucose (Figure 3.1B). Secretome from 

untransfected 6-AF-treated cells showed robust labeling compared to the DMSO-treated control 

cells (Figure 3.1C). Both ADAMTS TSR2-8 and Lfng that expressed in 6-AF-treated cells 

showed robust labeling. The labeling of Lfng was completely eliminated by PNGase F treatment, 

accompanied by a reduction in its molecular weight, confirming the successful removal of 6-AF-

labeled N-glycans. Notably, cleaving off the N-glycans in secretome by PNGase F resulted in a 

remarkable reduction of over 90% in the 6-AF labeling of endogenous proteins, suggesting that 

the O-fucose proteome exists in scarce quantities. 
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‘Click on’ the POFUT1/2 targets with an O-fucose-specific diagnostic tag (Fuc6nyl*) 

Enrichment is necessary for identifying the low-abundance POFUT1/2 targets within a complex 

protein mixture such as the cell secretome. We derivatized the alkyne moieties in 6-AF with a 

cleavable biotin enrichment handle (diazo biotin azide) using click chemistry, thus enabling the 

selective release of O-fucosylated moieties from enrichment matrix (Figure 3.3A). The diazo 

biotin linker that conjugated to 6-AF can be cleaved using sodium dithionite, leaving a residual 

tag on 6-AF (Fuc6nyl*). To evaluate the performance of this residual tag in mass spectrometry, 

we performed a comparative mass spectrometric analysis of 6-AF-labeled peptides with and 

without click/cleave (Figure 3.2A). Myc-tagged ADAMTS9 TSR2-8 and Lfng were expressed in 

HEK293T cells metabolically labeled with 6-AF. Recombinant proteins from conditioned culture 

media were captured using anti-Myc agarose, followed by on-bead click conjugation with diazo 

biotin azide or mock conjugation with DMSO. Captured proteins were eluted off anti-Myc 

agarose using urea, followed by reduction, alkylation, and trypsin digestion. Digested peptides 

were subjected to sodium dithionite cleavage before analysis by nano LC-MS/MS. We noticed 

that the peptides conjugated with Fuc6nyl* consistently possessed one additional charge of their 

most abundant precursor ions compared to the unconjugated peptides, either mono fucosylated or 

elongated with Glc (Figure 3.2B and Figure 3S1). We propose the amino group within the 

conjugated Fuc6nyl* moiety could obtain an additional proton, thus leading to a higher precursor 

charge state in MS1 spectra (Figure 3.3A). Note that the conjugated biotin linker may introduce 

additional dynamics to the attached protein. A higher elution level of ADAMTS9 TSR2-8 in the 

click/cleave sample compared to the mock sample was observed, while Lfng showed consistent 

elution levels (Figure 3S2). This potentially explains the greater intensity of precursor ions 

observed for Fuc6nyl* conjugated peptides. When comparing different glycoforms of identical 
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peptides in extracted ion chromatograms (EICs), we observed a higher relative abundance of 

labeled peptides in the Fuc6nyl* conjugated samples in comparison to the unconjugated samples 

(Figure 3.2B). This suggests that the conjugation of Fuc6nyl* facilitated the detection of labeled 

peptides in mass spectrometric analysis. 

We serendipitously observed that the conjugated Fuc6nyl* residues led to unique signature ions 

in MS2 spectra after fragmentation by higher energy collision dissociation (HCD). An abundant 

fragment ion at 335.1355 m/z, along with a second abundant ion at 136.0762 m/z were detected 

in the HCD spectra of peptides from ADAMTS9 TSR2-8, mono fucosylated or elongated with 

GlcNAc (Figure 3.3B). These signature ions were reliably present in spectra of Fuc6nyl* 

conjugated peptides throughout our analyses. We propose that the signature ion at 335.1355 m/z 

is the result of a proton accepted by the amino group within the Fuc6nyl* residue, followed by a 

neutral loss of the fucose moiety from the peptide backbone during HCD (Figure 3.3A). The 

smaller signature ion at 136.0762 m/z is likely a secondary fragment derived from the primary 

ion at 335.1355 m/z. Interestingly, these signature ions were predominantly detected in the MS2 

spectra of conjugated O-fucosylated peptides. In contrast, only a handful of spectra from the 

conjugated N-glycosylated peptides contain those ions, and their intensity was markedly low, 

likely due to the dissipation of kinetic energy by cleaving off terminal sugars like sialic acid and 

galactose (Figure 3.3C). We envision those O-fucose-specific diagnostic ions will lead to more 

confident assignment of O-fucosylated peptides in glycoproteomic analysis. 

Above all, these findings indicate that the conjugation of Fuc6nyl* introduces additional benefits 

in both the enrichment and glycoproteomic analysis, including aiding peptide release from the 

enrichment matrix, increased charge intensity of precursor ions, increased relative abundance of 
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labeled peptides for easy detection, and generating unique diagnostic ions for confident 

glycopeptide assignment. 

 

Build a 6-AF based glycoproteomic workflow: Direct detection of Fucose Analog-Tagged 

peptides (DidFAT) 

Our aim was to build a dedicated glycoproteomic workflow for the unambiguous identification 

of O-fucosylated proteins/peptides in the secretome. The major challenge is the very-low 

abundance of O-fucose proteome that decreases the chances of identifying them by MS analysis 

(170). Taking inspiration from the DiDBiT method by Schiapparelli et al., we employed a 

peptide-centric strategy that enriches biotin-labeled peptides instead of proteins to enhance 

enrichment yield and enable the unambiguous assignment of O-fucosylated peptides (172). 6-AF 

labeled secretome samples were conjugated with diazo biotin azide via click chemistry, followed 

by in-solution trypsin digestion to break down the entire secretome into peptides. (Figure 3.4A) 

The resulting peptides conjugated with biotin tags were captured using NeutrAvidin beads, 

selectively released with sodium dithionite, and analyzed by nano LC-MS/MS for peptide 

identifications. To monitor the enrichment and cleavage efficiency, we performed a protein-

centric capture in parallel. Biotinylated proteins were enriched by NeutrAvidin beads and 

selectively released into elution with sodium dithionite. The eluted proteins were subjected to 

trypsin digestion for protein identification by nano LC-MS/MS for protein identification. 

Additionally, they were also loaded onto a streptavidin blot to evaluate the efficiency of each 

step in the workflow. 

First, we validated the DidFAT workflow through a proof-of-principle experiment using 

transfected positive controls, ADAMTS9 TSR2-8 and Lfng. To minimize the background 
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interference from N-glycan labeling, we used MGAT1 KO HEK293F cells which lack complex 

and hybrid N-glycans, as evidenced by the absence of 6-AF labeling of Lfng expressed in these 

cells and the consistent labeling patterns of secretome samples after PNGase F treatment (Figure 

3.4, B and C). We observed robust labeling of ADAMTS9 TSR2-8 expressed in 6-AF-treated 

cells (Figure 3.4B). In addition, a distinct labeling pattern of 6-AF-incorporated endogenous 

proteins in untransfected cells was observed. Efficient NeutrAvidin enrichment was confirmed 

by the absence of all biotinylated proteins including the Myc-tagged ADAMTS9 TSR2-8 in the 

flowthrough, while the unlabeled Myc-tagged Lfng remained (Figure 3.4C). Efficient protein 

release from the beads was confirmed by the loss of biotin signal and the detection of Myc-

tagged ADAMTS9 TSR2-8 in the elution. Excluding sodium dithionite from the elution buffer 

prevented successful protein release, confirming the specificity of chemical cleavage. 

The peptide-centric DidFAT strategy identified 3497 PSMs from ADAMTS9 protein, covering 

all TSRs containing O-fucose consensus sequences (Figure 3.4D). Over 90% of the PSMs 

identified were modified with Fuc6nyl* and displayed diagnostic ions in their spectra, as most of 

the PSMs were also identifiable using Byonic search with MS2 Peak Filtering, which exclusively 

retained MS2 spectra containing peaks at 335.1355 m/z or 136.0762 m/z. In contrast, the protein-

centric capture method identified 544 PSMs for ADAMTS9 protein using equivalent amount of 

secretome input, with the majority of identified PSMs remaining unmodified. These results 

indicate that DidFAT dramatically enhanced the identification of O-fucosylated peptides 

compared to conventional methods, highlighting the benefits from Fuc6nyl* conjugation and 

peptide-centric capture strategy. 
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Endogenous POFUT1/2 targets identified in secretome using DidFAT 

A total number of 4033 PSMs were identified from the secretome of MGAT1 KO HEK293F cells 

using the peptide-centric DidFAT strategy. In addition to the 3497 PSMs from the transfected 

ADAMTS9, 536 PSMs were endogenously derived from the secretome and distributed on 29 

proteins (Figure 3.5 and Table 3.1). Notably, 18 of these proteins are also present in the putative 

POFUT1/2 target library [based on database searches with POFUT1/2 consensus sequences from 

(23)]. Thirteen proteins containing EGF repeats or TSRs were identified with Fuc6nyl* 

incorporated on their predicted sites (Table 3.2 and Figure 3S3). These modified peptides contain 

the canonical POFUT1/2 O-fucose consensus sequences, including those from Agrin (EGF4), 

Versican (EGF2), ADAMTS1 (TSR1 and TSR2), CCN3 (TSR1), NOTCH3 (EGF11), NELL1 

(EGF3), Papillin (TSR3), Sushi (EGF6), ADAMTS3 (TSR4), and NOTCH1 (EGF35). In 

addition, peptides with Fuc6nyl* modification, but lacking a canonical O-fucose consensus 

sequence were also confidently identified, such as those from Agrin, Fibrillin-1, and Fibrillin-2, 

which will be discussed in the following section (Table 3.2 and Figure 3S3). Among the proteins 

identified, Agrin, Versican, and Fibrillin-2 consistently appeared on our list and had the most 

abundant identified PSMs, indicating that they are likely the predominant POFUT1/2 targets in 

the secretome. All the identified proteins were extracellular matrix-resident proteins, with the 

exception of NOTCH1 and NOTCH3. These membrane proteins are likely shed from the cell 

membrane through protease cleavage during activation, allowing them to appear in the secretome 

and be detected. Agrin, Fibrillin-1, Fibrillin-2, ADAMTS1, and NOTCH3 were also detected 

using the parallel protein-centric capture method, thus providing additional confirmation of the 

O-fucosylated status of these proteins (Figure 3.5). 
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The protein-centric capture method identified a total of 107 proteins including the transfected 

ADAMTS9 (Figure 3.5). However, only 8 of these proteins are shared with the putative 

POFUT1/2 target library, and the majority of the identified PSMs are unmodified. This 

emphasizes the necessity for extra MS analyses on mock experiments and the requirement of 

stringent threshold of acceptance for protein assignment in conventional protein-centric 

enrichment methods, in order to distinguish the real ‘hits’ from non-specific contaminants. With 

the DidFAT method, nearly all the identified PSMs were conjugated with Fuc6nyl* and featured 

diagnostic ions in their MS2 spectra, allowing for the unambiguous assignment of O-fucosylated 

peptides/proteins and minimizing the need for time-consuming validation in glycoproteomic 

analysis. 

 

Noncanonical POFUT1/2 targets identified using DidFAT 

Agrin and Fibrillin-2 rank among the top three proteins identified with the highest PSM number. 

Yet, apart from the peptide from EGF4 of Agrin that contains the POFUT1 consensus sequence, 

all other identified peptides from Agrin and Fibrillin-2 lack a canonical O-fucose consensus 

sequence (Figure 3.6A, 3.7A and Table 3.3). 

The heparan sulphate proteoglycan Agrin is a key regulator of postsynaptic differentiation at the 

neuromuscular junction (NMJ). Agrin exhibits a complex domain organization, including 9 

follistatin-like domains (FS) at the N-terminus, 4 EGF repeats at the C-terminus, and additional 

domains, such as 2 laminin EGF-like domains (LE), 3 lamin globular domains (LG), and a single 

SEA domain (Figure 3.6A). O-fucosylation of EGF4 has been confirmed by Kim M. L. et al., 

2008, and is shown to determine the acetylcholine receptor (AChR) clustering activity of Agrin 

(124). We also detected peptides modified with Fuc6nyl* from EGF4 using DidFAT (Figure 
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3S3). Surprisingly, an additional O-fucose site was unexpectedly found at the N-terminus of 

Agrin. A substantial number of PSMs with mono Fuc6nyl* modification were identified from 

peptide 246DPCSNVTCSFGSTCAR261, where ‘T’ represents the site of Fuc6nyl* modification 

(Figure 3.6B). This O-fucose site locates between the first and second FS domain (Figure 3.6A). 

Upon manual examination of the surrounding sequences, we were surprised to discover an 

unannotated EGF repeat that begins at the end of the first FS domain and extends to overlap with 

part of the second FS domain. Notably, there are only three amino acids in between the fifth and 

sixth cysteines, possibly explaining why this EGF was not annotated in UniProt (Table 3.3). 

Fibrillin-2 is a major component of connective tissue microfibrils. It contains 47 EGF repeats, 

and over half of these EGF repeats contain the O-glucose consensus sequence 

C3XNTXGS(F/Y)XC4 for POGLUT2/3 modification (174). Only EGF2 and EGF22 contain the 

O-fucose consensus sequence C2XXXX[S/T]C3 for POFUT1 modification (Figure 3.7A). 

However, the only O-fucose site we identified using DidFAT locates in EGF34 with a sequence 

motif C2XXX[S/T]C3 (Figure 3.7B). This motif differs from the canonical O-fucose sequence, 

with only three amino acids in between C2 and the modified site. All PSMs identified for peptide 

2013NCIDTNECVALPGSCSPGTCQNLEGSFR2040 from EGF34 were modified with mono 

Fuc6nyl* (Table 3.2). In addition to EGF34, several other EGF repeats also contain this 

noncanonical sequence, suggesting possible O-fucose modification on these EGF repeats (Table 

3S1). This noncanonical O-fucose site on EGF 34 was also found on the equivalent position of 

Fibrillin-1 (Table 3.2 and Figure 3S3). 
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3.4 Discussion 

O-fucosylation is a rare type of glycosylation in mammals. Unlike other forms of fucosylation by 

Golgi-localized fucosyltransferases that add fucose as core or terminal modifications, O-

fucosylation by POFUT1/2 requires the recognition of specific protein domains for fucose 

addition (72, 129). The most renowned and extensively studied proteins with O-fucose are the 

Notch family proteins (60). The extracellular domain of Notch is heavily decorated with fucose 

glycans, which play important roles in regulating Notch-ligand binding, trafficking and cell 

surface expression (67, 68, 130, 175). Unlike many other glycan modifications, fucose residues 

display thermal mobility similar to amino acids, acting as ‘surrogate amino acids’ to make 

specific and essential contacts with the residues on binding partners. This direct intermolecular 

interactions generated by fucose glycans in protein-protein interaction were observed in co-

crystals of portions of NOTCH1 with ligands and the co-crystal of BAI1 with RTN4-receptor (67, 

68, 125). In addition, fucose residues generate intramolecular interactions with neighboring 

amino acids within protein domains to stabilize folded EGF repeats and TSRs, preventing them 

from re-entering the folding cycle (130, 131). Only properly folded domain structures are 

recognized and modified by POFUT1/2, suggesting that O-fucosylation is a component of a non-

canonical quality control system designed for the efficient folding of EGF repeats/TSRs-

containing proteins (119, 130). Through intensive site-mapping and funtional study of Notch and 

ADAMTS family members, our knowledge on the molecular mechanisms by which O-fucose 

regulates protein functions has greatly expanded. Yet, a systematic characterization of all O-

fucosylated proteins and peptides is essential to gain deeper insights into the O-fucosylation 

process. 
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Here, an O-fucose-specific tag (Fuc6nyl*) was introduced to POFUT1/2 targets through 6-AF 

metabolic labeling coupled with bioorthogonal derivation. The conjugation of Fuc6nyl* brings 

additional benefits for glycoproteomic analysis, including increased precursor ion charge 

intensity, increased relative abundance of labeled peptides, and generating unique diagnostic ions 

for confident glycopeptide assignment. This prompted us to develop a glycoproteomic workflow 

for identifying intact O-fucosylated peptides at the proteome level. Using Fuc6nyl* conjugation 

coupled with a peptide-centric enrichment strategy, we have established the DidFAT workflow 

specifically designed for in-depth profiling of the O-fucose proteome of POFUT1/2. This 

approach allowed us to confirm the O-fucose modification of a handful of proteins with 

canonical O-fucose consensus sequences and discovered novel O-fucose sites on peptides that 

lack O-fucose consensus sequences. Unexpected O-fucose sites were identified in peptides 

located within an unannotated EGF repeat of Agrin and within a noncanonical consensus 

sequence of Fibrillin-2 (and Fibrillin-1). 

Prior work in our group have provided solid evidence of the efficient incorporation of 6-AF into 

substrates of POFUT1/2 through metabolic labeling, demonstrating the potential of 6-AF as a 

specifc bioorthogonal chemical reporter for O-fucose glycans (138-140). It is important to note 

that 6-AF is a bifunctional tool that serves as both a probe and an inhibitor of fucosylation. 

Kizuka et al. showed that the active metabolite GDP-6-AF competitively inhibits GDP-fucose 

synthetase FX, leading to the depletion of cellular GDP-fucose pool (137). Metabolic labeling of 

cells with 6-AF might disrupt other fucosylation events, potentially affecting global cellular 

functions. As a result, the observed O-fucosylation might not accurately represent the actual state. 

In addition, the efficiency of 6-AF incorporation and the accessibility of click reagents can differ 

among individual EGF repeats/TSRs. The direct comparison of O-fucose abundance across 
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different peptides might not be accurate. It would be beneficial to examine the O-fucosylation 

status and abundance of peptides identified by DidFAT in unperturbed cells. Nevertheless, 

DidFAT remains an elegant and efficient workflow for examining O-fucosylation of predicted 

targets and discovering novel targets with O-fucose. 

We observed a limited number of hits in the secretome of MGAT1 KO HEK293F cells, contrary 

to our expectations of a higher yield. This is possibly due to the low abundance of O-fucosylated 

speices and the inherent dynamic range limititations of data-dependent acquisition (DDA) for 

collecting mass spectrometric data. Fuc6nyl*-conjugated peptides display predictable 

fragmentation behavior, generating specific diagnostic ions at 335.1355 and 136.0762 m/z. 

These unique fingerprints could be employed to trigger product-dependent (pd) HCD and/or 

electron transfer dissociation (ETD), boosting the collection of fucosylated spectra and/or site-

localize the modifications. 

HEK293F cells might not be the suitable cell line for the in-depth profiling O-fucosylated 

proteins. Applying DidFAT to cell lines that exhibit higher levels of glycoprotein expression and 

secretion, such as fibroblasts, platelets, and cancer cells with elevated POFUT1/2 levels, may 

result in a greater number of hits. In addition, many of the predicted targets for POFUT1 are 

membrane proteins. Applying DidFAT in cell lysates could potentially yield more hits on these 

proteins. 

 

3.5 Experimental Procedures 

Cell culture 

HEK293T cells (ATCC) were cultured at 37 ºC with 5% CO2 in Dulbecco’s Modified Eagle 

Medium (DMEM, GE Healthcare Life Sciences) supplemented with 10% (v/v) bovin calf serum 
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(BCS, VWR), 100 units/mL penicillin, and 100 µg/mL streptomycin (Lonza). MGAT1 KO 

HEK293F cells (a gift from Kelley Moremen, University of Georgia, US) were cultured at 37ºC 

with 5% CO2 in Freestyle293TM medium (Gibico) with 100 units/mL penicillin and 100 µg/mL 

streptomycin. 

 

Metabolic labeling of cell secretome 

Metabolic labeling of HEK293T cells 

6 X 106 of HEK293T cells were seeded and grown to 70% confluence in 10-cm dishes. Cell 

layer was washed one time with 5 mL of prewarmed phosphate-buffered saline (PBS). Cell 

medium was switched with 8 mL of prewarmed OPTI-MEM (Invitrogen) containing 100 µM 

peracetylated 6-alkynyl fucose (6-AF) or equal volume of DMSO. For transfection of cells with 

positive controls, each plate of cells was transiently transfected with 2 µg of pSec-h ADAMTS9 

TSR2-8-Myc-His6 (121) and 0.5 µg of pSec-mLfng-Myc-His6 (176) using 15 µL of PEI (1 

µg/µL stock) in 8 mL of OPTI-MEM containing 100 µM 6-AF or equal volume of DMSO. 

Three days later, media from 10 plates of cells was collected and filtered through 0.45 µm filters 

(Millipore). 80 mL of media was desalted and concentrated to ~5 mL using 10 kDa molecular 

weight cutoff centrifugal filters (Amicon) and used as secretome samples. Concentrated 

secretome samples were aliquoted and stored at -80 ºC until use. 

Metabolic labeling of MGAT1 KO HEK293F cells 

50 X 106 of cells were resuspended in 25 mL of Freestyle293TM media containing 100 µM 6-AF 

or equal volume of DMSO. Three days later, cell suspension was centrifuged at 5000 rpm for 5 

minutes. Culture medium was collected and filtered through 0.45 µm filters (Millipore). For 

transfection of cells with positive controls, 50 X 106 of cells were resuspended in 12.5 mL of 9:1 
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medium [Freestyle293TM medium: EX-Cell® medium (Sigma Aldrich), v/v] containing 100 µM 

6-AF or equal volume of DMSO, and transiently transfected with 12.5 µg of pSec-h ADAMTS9 

TSR2-8-Myc-His6 and 6.25 µg of pSec-mLfng-Myc-His6 with 112.5 µL of PEI (1 µg/µL stock). 

After 24 hours, Valproic acid (Sigma Aldrich) was supplemented to cells to a final concentration 

of 2.2 mM in 12.5 mL of 9:1 medium containing 100 µM 6-AF or equal volume of DMSO. After 

2 more days, cell suspension was centrifuged at 5000 rpm for 5 minutes. Culture medium was 

collected and filtered through 0.45 µm filters. 25 mL of media was desalted and concentrated to 

~2.5 mL using 10 kDa molecular weight cutoff centrifugal filters and used as secretome samples. 

Concentrated secretome was aliquoted and stored at -80 ºC until use. 

 

Click chemistry 

Click reaction was performed using 100 µL of concentrated secretome sample in 200 µL reaction 

volume containing 100 µM diazo biotin azide (Sigma Aldrich, 2 mM stock in DMSO),  

Premixed THPTA:CuSO4 complex [final concentration of 2 mM THPTA (Click Chemistry 

Tools, 25 mM stock in water):1 mM CuSO4 (5 mM stock in water)], and 5 mM sodium ascorbate 

(50 mM stock in water, freshly prepared). Click reactions were carried out at room temperature 

for 2 hours and quenched by addition of 50 mM EDTA. Reaction mixtures were then 

precipitated by adding four volumes of methanol, one volume of chloroform, and three volumes 

of water, vortexed, and centrifuged at 12,700 rpm for 20 minutes at 4 ºC. The aqueous upper 

layer was carefully removed without disturbing the protein layer at the interface. Four volumes 

of methanol were added, and the mixture was centrifuged at 12,700 rpm for 15 minutes at 4 ºC. 

An additional wash with four volumes of methanol was performed to ensure the complete 
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removal of any remaining diazo biotin azide. Pellets were air-dried for 4 minutes before used in 

subsequent experiments. 

 

PNGase F digestion 

After biotinylation by click chemistry and methanol/chloroform precipitation, protein pellets 

obtained after centrifuging were resolubilized in 20 µL of reduction buffer [1% SDS, 10 mM 

TCEP (Thermo fisher), and 0.4 M NH4HCO3] with vigorous shaking. Proteins were fully 

denatured by boiling at 105 ºC for 5 minutes. After cooling to room temperature, 10 µL of 100 

mM Iodoacetamide (Thermo fisher) was added, and proteins were incubated in dark for 40 

minutes for alkylation. 170 µL of 1% NP-40/Tris-saline buffer, pH 7.6 (TBS) was added to 

dilute SDS to a final concentration of 0.1%. Digestion was performed with 1.5 µL of PNGase F 

(20 units/µL, Lectez Bio) or 1.5 µL of water (for mock digestion) and incubated in a 37 ºC water 

bath for over 6 hours. Digested proteins were precipitated with 1 mL of cold acetone and 

incubated at -20 ºC for 2 hours. Protein pellets were collected by centrifuging at 12,700 rpm for 

15 minutes at 4 ºC. Pellets were air-dried for 4 minutes before resolubilized for Western Blot 

analysis. 

 

Western Blot 

Protein pellets were resuspended in 12 µL of 2X denaturing buffer containing 0.04% SDS, 200 

mM 2-mercaptoethanol (Sigma Aldrich), 20% glycerol in 100 mM Tris/HCl, pH 6.8 with 

vigorous shaking, and then sonicated for 6 minutes using a bath sonicator. Samples were boiled 

at 105 ºC for 5 minutes. After cooling to room temperature, samples were loaded onto 4-20% 

SDS-PAGE (Bio-Rad), transfected to a nitrocellulose membrane, and then blocked with 5% 
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nonfat milk (Bio-Rad) for 30 minutes at room temperature. Membranes were incubated with 

primary antibodies in blocking solution overnight at 4 ºC. Membranes were washed three times 

in Tris-saline buffer, pH 7.6 and 0.05% Tween 20 (TBST) for 5 minutes and incubated with 

secondary antibodies in TBST for 1 hour at room temperature. The following antibodies were 

used in this study: anti-Myc antibody (primary, 1:2500, Invitrogen, clone 9E10), anti-His-tag 

antibody (primary, 1:2500, Bio-Rad, MCA1396), IRDye 800CW goat anti-mouse IgG antibody 

(secondary, 1:2500, LI-COR, 926-32210), IRDye 680RD goat anti-mouse IgG antibody 

(secondary, 1:2500, LI-COR, 926-68070), IRDye 800CW Streptavidin (secondary, 1:2500, LI-

COR, 926-32230). Blots were visualized using Odyssey System (LI-COR).  

 

Comparative analysis of 6-AF-labeled peptides with and without Fuc6nyl* conjugation 

Concentrated secretome samples from 6-AF metabolic labeled HEK293T cells transfected with 

positive controls (Myc tagged- ADAMTS9 TSR2-8 and Myc tagged-Lfng) were generated as 

described above. 500 µL of secretome sample was mixed with 300 µL slurry of anti-c-Myc 

agarose (25% slurry, pre-washed one time with 1% NP-40/TBS, Thermo Fisher, #20168). 1% 

NP-40/TBS was added to reach a final volume of 1.9 mL. Immunoprecipitation (IP) was 

performed overnight at 4 ºC. Beads were collected using spin columns (VWR centrifugal filters) 

and washed three times with 500 µL of 1% NP-40/TBS for 15 minutes at room temperature. On-

bead click reactions were performed by adding a pre-mixed click mixture to the beads (~75 µL 

bead volume), which included 20 µL of diazo biotin azide (2 mM stock in DMSO), premixed 

THPTA:CuSO4 complex (32 µL: 80 µL, THPTA: 25 mM stock in water, CuSO4: 5 mM stock in 

water), 40 µL of sodium ascorbate (50 mM stock in water, freshly prepared), and 100 µL of 1% 

NP-40/TBS. For samples with mock click reactions, 20 µL of DMSO was used in the click 
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mixture while keeping all other conditions unchanged. Click reactions were carried out at room 

temperature for 2 hours. Beads were washed three times with 500 µL of 1% NP-40/TBS for 20 

minutes at room temperature. To elute the captured proteins, 200 µL of 8M urea in 0.4 M 

NH4HCO3 was added to the beads. Beads were rotated at room temperature for 10 minutes and 

subsequently incubated at 65 ºC for 10 minutes before collecting the elution. A second elution 

was performed using 100 µL of water, followed by rotating the beads at room temperature for 10 

minutes. The two elutions were pooled and supplemented with 6 µL of TCEP (0.5 M stock), 

followed by incubating at 60 ºC for 10 minutes to ensure complete protein reduction. After 

cooling to room temperature, 150 µL of 100 mM Iodoacetamide was added, and proteins were 

incubated in dark for 40 minutes for alkylation. 750 µL of water was added to dilute urea to a 

final concentration of 1.3 M in a total volume of 1.2 mL. Proteins were subjected to digestion by 

adding 3 µL of trypsin (0.5 µg/µL stock, Thermo Fisher, 90057) and incubated in a 37 ºC water 

bath for 6 hours. Chemical cleavage was performed by adding 700 µL of freshly prepared 136 

mM Na2S2O4/3.2 M urea/136 mM Tris, pH 8.0 (final concentration: 50 mM Na2S2O4, 2 M urea 

in 50 mM Tris, pH 8.0) to digested peptides, followed by incubating at room temperature for 1 

hour. An equal volume of 1% formic acid (FA) was added to achieve a final FA concentration of 

0.5%. Peptides were sonicated in a bath sonicator for 20 minutes and then centrifuged at 12,700 

rpm for 8 minutes at 4 ºC. Supernatants were collected. Peptides were desalted with C18 Zip Tip 

Pipette Tips (Millipore) and analyzed with nano LC-MS/MS using the methods described later. 
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DidFAT protocol 

Peptide-centric enrichment of biotinylated peptides 

100 µL of concentrated secretome was biotinylated using click chemistry and precipitated with 

methanol/chloroform precipitation, following the methods described earlier. Protein pellets were 

resuspended in 200 µL of reduction buffer containing 8 M urea, 10 mM TCEP, and 0.4 M 

NH4HCO3 with vigorous shaking, followed by sonicating for 10 minutes in a bath sonicator. The 

protein solution was incubated at 65 ºC for 10 minutes. Alkylation was performed by adding 100 

µL of 100 mM Iodoacetamide to a final concentration of 33.3 mM and incubating in the dark for 

40 minutes. Protein solutions were then diluted with 900 µL water and digested with 4 µg of 

trypsin (2 µg enzyme per 100 µL secretome) in 37 ºC water bath overnight. Samples were boiled 

at 105 ºC for 5 minutes and cooled down to room temperature. For cleaving off N-glycans, 3 µL 

of PNGase F (20 units/µL stock, 1.5 µL enzyme per 100 µL secretome) was added, and samples 

were incubated for 6 hours in 37 ºC water bath. Digested samples were acidified with 

trifluoroacetic acid (TFA, Thermo Fisher) to 0.1% final concentration, sonicated for 15 minutes, 

and centrifuged at 12,700 rpm for 20 minutes at room temperature. Supernatant containing 

digested peptides was collected. 200 µL of 0.1% TFA was added to pellets to extract any 

remaining peptides. Pellets were resuspended with vigorously vortexing, sonicated for 15 

minutes, and centrifuged again at 12,700 rpm for 20 minutes at room temperature. The 

supernatant was pooled with the previous one (total ~1.4 mL) and desalted using Sep-Pak tC18 

solid-phase extraction cartridges (Waters, 50 mg capability). The cartridges were equilibrated 

subsequently with 3 mL of acetonitrile (ACN), 3 mL of 50% ACN/0.5% acetic acid and 3 mL of 

0.1% TFA. Digested peptide mixtures from 10 samples were combined (total ~14 mL) and 

loaded onto the cartridges. The cartridges were washed with 3 mL of 0.1% TFA and then with 
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250 µL of 0.5% acetic acid. Peptides were eluted with 1.4 mL of 80% ACN/0.5% acetic acid and 

dried in a Speed Vac. The dried peptides were resolubilized with 1.5 mL of 1% NP-40/TBS with 

gentle pipetting and incubated with a 200 µL slurry of NeutrAvidin agarose (pre-washed one 

time with 1% NP-40/TBS, Thermo Fisher, 29200) for at least 6 hours at 4 ºC. Beads were 

collected using spin columns and washed three time with 500 µL of 1% NP-40/TBS for 20 

minutes at room temperature to remove non-specifically bound proteins. Beads were rinsed with 

500 µL of TBS twice. The biotinylated peptides captured by the beads were cleaved and eluted 

by incubating with 400 µL of freshly prepared 50 mM Na2S2O4/2 M urea in 50 mM Tris, pH 8.0 

for 1 hour at room temperature. The elution procedure was repeated once and with a final rinse 

using 200 µL of water. The peptides from three elutions were combined, and the mixture was 

acidified by adding an equal volume of 1% FA to achieve a final FA concentration of 0.5%. 

Peptides were desalted with C18 Zip Tip Pipette Tips and analyzed with nano LC-MS/MS using 

the methods described later. 

Protein-centric enrichment of biotinylated proteins 

100 µL of concentrated secretome was biotinylated using click chemistry and precipitated with 

methanol/chloroform precipitation, following the methods described earlier. Protein pellets were 

resuspended in 100 µL of reduction buffer containing 1% SDS, 10 mM TCEP, and 0.4 M 

NH4HCO3 with vigorous shaking, followed by sonicating for 10 minutes in a bath sonicator. 

Proteins were boiled at 105 ºC for 5 minutes and cooled down to room temperature. 50 µL of 

100 mM Iodoacetamide was added, and proteins were incubated in dark for 40 minutes for 

alkylation. 1 mL of 1% NP-40/TBS was added to dilute SDS to a final concentration of 0.1%. 

For cleaving off N-glycans, 1.5 µL of PNGase F (20 units/µL stock, 1.5 µL enzyme per 100 µL 

secretome) was added and samples were incubated in 37 ºC water bath overnight. After digestion, 
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1% NP-40/TBS was added to samples to make a total volume of 1.95 mL. Five samples (total 

~10 mL) were combined into a 15 mL Conical Centrifuge Tube (VWR). 200 µL slurry of 

NeutrAvidin agarose (pre-washed one time with 1% NP-40/TBS) was added and samples were 

rotated at 4 ºC overnight. Beads were collected using spin columns. Beads were extensively 

washed three times with 500 µL of 1% NP-40/TBS for 30 minutes, followed by three times with 

500 µL of 1% SDS in 50 mM Tris, pH 8.0 for 30 minutes at room temperature. Beads were 

rinsed with 500 µL of TBS twice before elution. The biotinylated proteins captured by the beads 

were cleaved and eluted by incubating with 200 µL of freshly prepared 50 mM Na2S2O4/1% SDS 

in 50 mM Tris, pH 8.0 for 1 hour at room temperature. The elution procedure was repeated once 

and with a final rinse using 100 µL of water. The three elutions were pooled, and the volume was 

reduced to ~100 µL using a SpeedVac. SDS was removed using an S-trap (ProtiFi), following 

the manufacturer's recommended protocol. Briefly, 20 µL of 10% SDS was added to 100 µL of 

condensed elution (contains ~4% SDS) to reach a final SDS of 5%. Then 12 µL of 27.5% 

phosphoric acid (Sigma Aldrich) was added to reach a final concentration of 2.5%. Sample was 

mixed with 792 µL of binding buffer (6X of the sample volume, ProtiFi) and loaded to an S-trap 

column. On-column digestion was performed with 1.5 µg of trypsin and incubated overnight in 

37 ºC water bath. Digested peptides were eluted sequentially using 50 µL of 50 mM TEAB 

(Sigma Aldrich), followed by 50 µL of 0.2% FA, and finally 50 µL of 50% ACN in water. The 

three elutions were pooled, acidify with FA to a final concentration of 0.5%, and dried using a 

SpeedVac. Peptides were resuspended in 0.1% FA and analyzed with nano LC-MS/MS using the 

methods described later. 
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LC-MS/MS analysis 

Samples were analyzed by online nanoflow LC-MS/MS using an EASY-nLC 1200 System 

(Thermo Fisher) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher). Peptides 

desalted using C18 Zip Tip Pipette Tips or dried with a SpeedVac were diluted or resolubilized 

in 20 µL of 10% ACN and 0.1% FA for subsequent injection, respectively. Peptides (~8% of 

total amount) were loaded via autosampler isocratically into a 20 µL sample loop and pre-

concentrated onto an Acclaim PepMap-100 75 µm X 2 cm nanoViper C18 pre-column with 

loading buffer, 5% ACN/0.1% FA (Solvent A). Subsequently, peptides were gradient eluted onto 

a C18 EasySpray PepMap RSLC C18 analytical column (50 µm X 15 cm, Thermo Fisher) at a 

constant flow rate of 0.3 µL/min using a 90 minute gradient and a 120 minute instrument method. 

The gradient profile was as follows [min:% solvent B (80% ACN/0.1% FA)]: 0:0, 90:50, 93:98, 

96:98, 99:2, 102:2, 105:98, 108:98, 111:2, 114:2, 117:98, 120:98. The instrument method used 

MS1 resolution of 70,000, AGC target of 1e6, maximum IT of 100 ms, and scan range from 400 

to 2000 m/z. Dynamic exclusion was enabled for 6 s. Only charge states 2-6 were permitted for 

fragmentation. MS2 scans were acquired at a resolution of 17,500, following HCD fragmentation 

with fixed collision energy of 27% after quadrupole isolation with an isolation window of 1.2 

m/z. Parameters used for MS2 scans were first mass 130 m/z, AGC target of 1e5, maximum IT 

of 100 ms, and the spectrum data was acquired in centroid mode. 

 

Database search and data analysis 

Data analysis was performed with ByonicTM (Protein Metrics, v4.1.10). The following search 

settings were used for different experiments. 
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Comparative analysis of 6-AF-labeled peptides with and without Fuc6nyl* conjugation 

Byonic search was performed against protein sequences of human ADAMTS9 (UniProt 

accession number: Q9P2N4) and mouse Lfng (UniProt accession number: O09010). Search 

parameters included fully specific cleavage specificity at the C-terminal site of R and K for 

trypsin with two missed cleavages allowed. Mass tolerance was set at 5 ppm for MS1s and 10 

ppm for HCD MS2s. Cysteine carbamidomethylation was set as fixed modification. Peptide N-

terminal/histidine/lysine carbamidomethylation (common 1), peptide N-terminal 

dicarbamidomethyl (common 1), histidine/asparagine/tryptophan/proline oxidation (common 1), 

tryptophan dioxidation (common 2), asparagine/glutamine deamidation (common 1), N-terminal 

glutamine to pyro-glutamic acid (rare 1), N-terminal glutamic acid to pyro-glutamic acid (rare 1), 

N-terminal cysteine ammonia-loss (rare 1), protein N-terminal acetylation (rare 1), N-terminal 

histidine/lysine Delta:H(2)C(2) (common 1), and tryptophan hexosylation (common 2) were set 

as variable modifications with a total common max of 3, rare max of 2. Glycans were set as 

variable modifications (common 1) using a customed O-glycan search space including Hex(1), 

Fuc(1), Hex(1)Fuc(1), Fuc(1) 9.9800, Hex(1)Fuc(1) 9.9800, Fuc(1) 188.0700, Hex(1)Fuc(1) 

188.0700, HexNAc(1), where the mono or di-fucose modifications were searched with an 

additional 9.9800 or 188.0700 m/z to account for the chemical modifications of 6-AF or 

Fuc6nyl*, respectively.  

To make the extracted ion chromatograms (EICs), the ions of each peptide glycoform were 

extracted from the MS1 spectrum using their respective m/z. The observed m/z values from the 

PSMs with the highest Byonic score were used for generating EICs, with mass tolerance ± 

0.005. The EICs were smoothed using Gauss algorithm. All EICs were manually generated and 

analyzed using Thermo Xcalibur software. 
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DidFAT 

A pilot search was first performed against the Uniprot human proteome (downloaded July 8, 

2021). For peptide-centric enrichment data, the pilot search was performed with MS/MS 

Filtering of 335.1360 m/z to restrict the search to spectra containing the diagnostic ion (177). For 

protein-centric enrichment data, the pilot search was performed without MS/MS Filtering, while 

keeping all other search parameters and subsequent searches identical to those used for peptide-

centric enrichment data. 

Search parameters included fully specific cleavage specificity at the C-terminal site of R and K 

for trypsin with two missed cleavages allowed. Mass tolerance was set at 10 ppm for MS1s and 

0.1 Da for HCD MS2s. Cysteine carbamidomethylation was set as fixed modification. 

Methionine oxidation (common 1), asparagine oxidation (common 1), asparagine deamidation 

(common 1), peptide N-terminal acetylation (rare 1), and tryptophan hexosylation (common 2) 

were set as variable modifications with a total common max of 3, rare max of 1. Glycans were 

set as variable modifications (common 1) using a customed O-glycan search space including 

Fuc(1) 188.0700, HexNAc(1)Fuc(1) 188.0700, Hex(1)Fuc(1) 188.0700, and Hex (1), where the 

mono or di-fucose modifications were searched with an additional 188.0700 m/z to account for 

the chemical modification. MS/MS Filtering was enabled with a user-defined peak of 335.1360 

m/z, requiring spectra to contain 335.1360 ± 0.02 among the top 50 peaks to be selected for the 

search (command: Fuc 188.07 [H+] / 335.136). 

Proteins that were found in the pilot search were entered into a ‘focused database’ for 

glycopeptide searches. The raw file was then searched against the ‘focused database’ with user-

defined Custom Peaks to assign higher score to fucosylated spectra with diagnostic ions in their 

spectra and allow for user-specified peak annotations (177). Search parameters included fully 
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specific cleavage specificity at the C-terminal site of R and K for trypsin with two missed 

cleavages allowed. Mass tolerance was set at 10 ppm for MS1s and 0.1 Da for HCD MS2s. 

Cysteine carbamidomethylation was set as fixed modification. Methionine oxidation (common 1), 

asparagine oxidation (common 1), asparagine deamidation (common 1), peptide N-terminal 

acetylation (rare 1), and tryptophan hexosylation (common 1) were set as variable modifications 

with a total common max of 3, rare max of 2. Glycans were set as variable modifications 

(common 1) using a customed O-glycan search space including Hex (1), HexNAc (1), and a list 

of Custom Peaks. CustomPeak commands were as follows: Fuc6nyl*/+334.1279 @S,T | 

common1 | CustomPeaks{Diag-335: 335.1355, Diag-136: 136.0762}, Fuc6nyl*Hex/+496.1807 

@S,T | common1 | CustomPeaks{Diag-335: 335.1355, Diag-136: 136.0762}, 

Fuc6nyl*HexNAc/+537.2073 @S,T | common1 | CustomPeaks{Diag-335: 335.1355, Diag-136: 

136.0762}, Fuc6nyl*HexNAcHex/+699.2601 @S,T | common1 | CustomPeaks{Diag-335: 

335.1355, Diag-136: 136.0762}. Those CustomPeak commands direct the software to look for 

peaks at 335.1355 and 136.0762 for PSMs identified with mono, di or tri-Fuc6nyl* modification 

on S or T. If the spectrum contains the peaks, the score will increase; conversely, if the peaks are 

not detected, the score will decrease. 

A third search was performed against a library of putative POFUT1/2 targets (136 proteins) with 

user-defined Custom Peaks. All parameters were set the same as in the focused database search 

described above. 

Search results from the focused database and putative POFUT1/2 targets were combined. Only 

PSMs with Byonic score higher than 100 were chosen for analysis. All spectra identified with 

Fuc6nyl*-containing modifications were manually inspected and annotated. 
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3.6 Main text tables and figures 

Table 3.1 Proteins identified in the secretome of MGAT1 KO HEK293F cells by peptide-
centric DidFAT method. 



 

125 

Table 3.2 Glycopeptides identified in the secretome of MGAT1 KO HEK293F cells by 
peptide-centric DidFAT method. 
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Table 3.3 Sequences of EGF repeats in Agrin. EGF repeats with POFUT1-specific consensus 
sequences are in red. Predict O-fucose sites are in red. EGF repeats with confirmed O-
fuosylation by DidFAT are highlighted in yellow. 

 Position  C1 C2 C3 C4 C5 C6 
EGF0 244-286 SRDP CSNVT CSFGST CARSADGLTAS CL CPAT CR 
EGF1 1329-1367 PPKP CDSQP CFHGGT CQDWALGGGFT CS CPAGRGGAV CE 
EGF2 1549-1586 GDHP CLPNP CHGGAP CQNLEAGRFH CQ CPPGRVGPT CA 
EGF3 1588-1625 EKSP CQPNP CHGAAP CRVLPEGGAQ CE CPLGREGTF CQ 
EGF4 1818-1857 AGHP CTRASGHP CLNGAS CVPREAAYV CL CPGGFSGPH CE 
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Figure 3.1 Metabolic labeling of the O-fucose proteome of POFUT1/2 using 6-alkynyl 
fucose (6-AF). A, Schematic of metabolic labeling using 6-AF. Exogenously added peracetylated 
6-AF was taken into cells, converted to GDP-6-AF by the GDP-fucose salvage pathway in the 
cytosol, and transported to either the endoplasmic reticulum (ER) or the Golgi apparatus, where 
GDP-6-AF is incorporated into glycoproteins through O-fucosylation by POFUT1/2 or core 
fucosylation on N-glycans by FUT8, respectively. The 6-AF incorporated glycoproteins are then 
secreted into the extracellular medium, conjugated with biotin tags using click chemistry, and 
treated with PNGase F to remove N-glycans, allowing for the specific detection of biotinylated 
O-fucose. B, A domain map of constructs of ADAMTS9 TSR2-8 and Lfng used in this study. 
The five TSRs are depicted as ovals. Red ovals, TSRs containing the POFUT2-specific 
consensus sequence; red triangle, experimentally confirmed fucose modification; blue circle, 
experimentally confirmed glucose elongation; blue branch, N-glycan site; green square, signal 
peptides; blue square, C-terminal Myc-His6 tags. C, HEK293T cells were treated with 6-AF or 
DMSO for 2 days, with or without transfection with ADAMTS9 TSR2-8 and Lfng. 6-AF-labeled 
proteins in the conditioned culture medium were either biotinylated by click chemistry, or 
without biotinylating, and analyzed by Western blot. Top panel: probed with streptavidin; bottom 
panel: probed with anti-Myc. 
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Figure 3.2 Comparative mass spectrometric analysis of peptides with and without Fuc6nyl* 
conjugation. A, Workflow depicting the comparative analysis of 6-AF-incorporated peptides 
from positive controls with and without Fuc6nyl* conjugation. Myc tagged ADAMTS9 TSR2-8 
and Lfng were expressed in HEK293T cells treated with 6-AF. Expressed proteins that secreted 
into the medium were enriched with anti-Myc-agarose and either conjugated with diazo biotin 
azide via click chemistry (Click/cleave) or subjected to mock conjugation with DMSO (Mock). 
The eluted proteins were digested with trypsin and incubated with sodium dithionite. The 
resulting peptides were analyzed by nano LC-MS/MS. B, Fuc6nyl* conjugation can increase the 
relative abundance of labeled peptides and impart charge to precursor ions of O-fucosylated 
peptides. Left panel: extracted ion chromatograms (EICs) of the different glycoforms of a 
peptide from ADAMTS9 TSR5 and TSR7 derived from A. EICs of other TSRs of ADAMTS9 
are in Figure 3S1. Black line, unmodified; red line, Fucose (Fuc) modified; red line with *: 
glucose (Glc)-Fuc modified + mannose (Man)-, Fuc modified; red line with #: Man-, Glc-Fuc 
modified; green line: 6-AF modified or Fuc6nyl* modified; green line with *: Glc-6-AF 
modified + Man-, 6-AF modified or Glc-Fuc6nyl* modified + Man-, Fuc6nyl* modified; green 
line with #: Man-, Glc-6-AF modified or Man-, Glc-Fuc6nyl* modified. Right panel: detected 
precursor ions for 6-AF-incorporated peptides and Fuc6nyl* conjugated peptides, with 
glycoforms and charge states indicated. 
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Figure 3.3 Unique mass spectrometric behavior of Fuc6nyl* conjugated glycopeptides, 
featured by the generation of diagnostic ions specific to O-fucosylated peptides. A, Proposed 
structures and fragmentation scheme for generation of the 335.1355 and 136.0762 ions. B, 
Example HCD spectra of a Fuc6nyl* conjugation peptide from ADAMTS9 TSR8 demonstrating 
the presence of the diagnostic ions at 335.1344 m/z and 136.0755 m/z with high intensity. C, 
Example HCD spectra of a Fuc6nyl* conjugation peptide from Lfng indicating the low 
abundance of the diagnostic ion in N-glycosylated peptides. 
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Figure 3.4 DidFAT: a glycoproteomic workflow for profiling the O-fucose proteome of 
POFUT1/2, validated with a transfected positive control. A, Schematic of DidFAT workflow 
for the preparation and analysis of O-fucosylated proteins/peptides in cell secretome. Peptide-
centric capture methods, schematized on the top, involve metabolic labeling of secretome with 6-
AF, click chemistry using diazo biotin azide, trypsin digestion, N-glycan removal using PNGase 
F, desalting peptides with Sep-Pak tC18 cartridges, capturing biotinylated peptides with 
NeutrAvidin beads, eluting peptides with sodium dithionite for nano LC-MS/MS analysis. 
Protein-centric capture and quality control methods, schematized on the bottom, involve a 
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PNGase F treatment after click chemistry, capturing of biotinylated proteins with NeutrAvidin 
beads, eluting proteins with sodium dithionite and either processed for nano LC-MS/MS analysis 
or load on a streptavidin blot for quality control. B, MGAT1 KO HEK293F cells were treated 
with 6-AF or DMSO for 3 days, with or without transfection with ADAMTS9 TSR2-8 and Lfng. 
6-AF-labeled proteins in the conditioned culture medium were either biotinylated by click 
chemistry, or without biotinylating, and analyzed by Western blot. Top panel: probed with 
streptavidin; bottom panel: probed with anti-Myc and anti-His. C, Secretome samples from 6-AF 
treated MGAT1 KO HEK293F cells that transfected with ADAMTS9 TSR2-8 and Lfng, 
prepared as described in the bottom schematic in A, were analyzed by Western blot. Top panel: 
probed with streptavidin; bottom panel: probed with anti-Myc. D, Venn diagrams showing the 
identified peptide-spectrum matches (PSMs) in ADAMTS9 TSR2-8 using the DidFAT workflow. 
Total PSMs and the three TSRs with the highest PSM numbers are shown. Pink circle: all 
identified PSMs for a peptide; green circle: identified PSMs with Fuc6nyl* modification, either 
mono or disaccharide, and with or without C-mannosylation; purple circle: PSMs identified in 
Byonic search with MS2 Peak Filtering that only retain spectra containing fragments at 335.1355 
or 136.0762, and with Fuc6nyl* modification. 
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Figure 3.5 Overlap of proteins identified by the peptide-centric enrichment and protein-
centric enrichment methods with the library of putative POFUT1/2 targets. 
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Figure 3.6 Novel O-fucose site identified in peptides located within an unannotated EGF 
repeat of Agrin. A. Domain organization of human Agrin protein. EGF repeats are depicted as 
ovals. SS, Signal sequence; NtA, N-terminal agrin; FS, Follistatin-like; LE, Laminin EGF-like; 
S/T, Ser/Thr-rich; SEA, Sea urchin sperm protein, enterokinase, agrin; LG, Laminin G-like. 
Annotations from UniProt O00468. B. Example HCD spectra of a Fuc6nyl* conjugation peptide 
from Agrin EGF0. Diagnostic ions at presented as ‘Diag-335’ and ‘Diag-136’. 
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Figure 3.7 Novel O-fucose site identified in peptides located within a noncanonical O-fucose 
consensus sequence of Fibrillin-2 EGF34. A. Domain organization of human Fibrillin-2 protein. 
EGF repeats are depicted as ovals. Annotations from UniProt P35556. B. Example HCD spectra 
of a Fuc6nyl* conjugation peptide from Fibrillin-2 EGF34. Diagnostic ions at presented as 
‘Diag-335’ and ‘Diag-136’. 
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3.7 Supplemental tables and figures 

Contents 

Tables 3S1 

Figures 3S1-3S3 
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Table 3S1. Sequences of EGF repeats in Fibrillin-2. EGF repeats with canonical POFUT1 
consensus sequences C2XXXX[S/T]C3 and their predicted sites are in red. EGF repeats with 
noncanonical POFUT1 consensus sequences C2XXX[S/T]C3 and their predicted sites are in 
magenta. EGF34 with confirmed O-fuosylation by DidFAT is highlighted in yellow. 

 Position  C1 C2 C3 C4 C5 C6 
EGF 1 111-142 IVPI CRNS CGDGF CSRPNM CT CSSGQISST CG 
EGF2 145-176 SIQQ CSVR CMNGGT CADDH CQ CQKGYIGTY CG 
EGF3 176-208 GQPV CENG CQNGGR CIGPNR CA CVYGFTGPQ CE 
EGF4 276-317 DVDE CQAIPGI CQGGN CINTVGSFE CR CPAGHKQSETTQK CE 
EGF5 318-359 DIDE CSIIPGI CETGE CSNTVGSYF CV CPRGYVTSTDGSR CI 
EGF6 494-534 TIDI CKHHANL CLNGR CIPTVSSYR CE CNMGYKQDANGD CI 
EGF7 535-574 DVDE CTSNP CTNGD CVNTPGSYY CK CHAGFQRTPTKQA CI 
EGF8 575-616 DIDE CIQNGVL CKNGR CVNTDGSFQ CI CNAGFELTTDGKN CV 
EGF9 617-657 DHDE CTTTNM CLNGM CINEDGSFK CI CKPGFVLAPNGRY CT 
EGF10 658-698 DVDE CQTPGI CMNGH CINSEGSFR CD CPPGLAVGMDGRV CV 
EGF11 768-809 DINE CALDPDI CANGI CENLRGSYR CN CNSGYEPDASGRN CI 
EGF12 810-851 DIDE CLVNRLL CDNGL CRNTPGSYS CT CPPGYVFRTETET CE 
EGF13 852-891 DINE CESNP CVNGA CRNNLGSFN CE CSPGSKLSSTGLI CI 
EGF14 955-996 DVNE CEVFPGV CPNGR CVNSKGSFH CE CPEGLTLDGTGRV CL 
EGF15 1073-1114 DINE CKAFPGM CTYGK CRNTIGSFK CR CNSGFALDMEERN CT 
EGF16 1115-1157 DIDE CRISPDL CGSGI CVNTPGSFE CE CFEGYESGFMMMKN CM 
EGF17 1158-1199 DIDE CERNPLL CRGGT CVNTEGSFQ CD CPLGHELSPSRED CV 
EGF18 1200-1241 DINE CSLSDNL CRNGK CVNMIGTYQ CS CNPGYQATPDRQG CT 
EGF19 1242-1282 DIDE CMIMNGG CDTQ CTNSEGSYE CS CSEGYALMPDGRS CA 
EGF20 1283-1324 DIDE CENNPDI CDGGQ CTNIPGEYR CL CYDGFMASMDMKT CI 
EGF21 1325-1366 DVNE CDLNSNI CMFGE CENTKGSFI CH CQLGYSVKKGTTG CT 
EGF22 1367-1407 DVDE CEIGAHN CDMHAS CLNIPGSFK CS CREGWIGNGIK CI 
EGF23 1408-1448 DLDE CSNGTHQ CSINAQ CVNTPGSYR CA CSEGFTGDGFT CS 
EGF24 1449-1490 DVDE CAENINL CENGQ CLNVPGAYR CE CEMGFTPASDSRS CQ 
EGF25 1491-1531 DIDE CSFQNI CVFGT CNNLPGMFH CI CDDGYELDRTGGN CT 
EGF26 1532-1572 DIDE CADPIN CVNGL CVNTPGRYE CN CPPDFQLNPTGVG CV 
EGF27 1650-1691 DIDE CQELPGL CQGGN CINTFGSFQ CE CPQGYYLSEDTRI CE 
EGF28 1692-1733 DIDE CFAHPGV CGPGT CYNTLGNYT CI CPPEYMQVNGGHN CM 
EGF29 1808-1849 DIDE CKEIPGI CANGV CINQIGSFR CE CPTGFSYNDLLLV CE 
EGF30 1850-1891 DIDE CSNGDNL CQRNAD CINSPGSYR CE CAAGFKLSPNGA CV 
EGF31 1892-1933 DRNE CLEIPNV CSHGL CVDLQGSYQ CI CHNGFKASQDQTM CM 
EGF32 1934-1972 DVDE CERHP CGNGT CKNTVGSYN CL CYPGFELTHNND CL 
EGF33 1973-2015 DIDE CSSFFGQV CRNGR CFNEIGSFK CL CNEGYELTPDGKN CI 
EGF34 2016-2055 DTNE CVALPGS CSPGT CQNLEGSFR CI CPPGYEVKSEN CI 
EGF35 2056-2097 DINE CDEDPNI CLFGS CTNTPGGFQ CL CPPGFVLSDNGRR CF 
EGF36 2171-2212 DVNE CLESPGI CSNGQ CINTDGSFR CE CPMGYNLDYTGVR CV 
EGF37 2213-2252 DTDE CSIGNP CGNGT CTNVIGSFE CN CNEGFEPGPMMN CE 
EGF38 2253-2293 DINE CAQNPLL CAFR CMNTFGSYE CT CPIGYALREDQKM CK 
EGF39 2294-2337 DLDE CAEGLHD CESRGMM CKNLIGTFM CI CPPGMARRPDGEG CV 
EGF40 2338-2379 DENE CRTKPGI CENGR CVNIIGSYR CE CNEGFQSSSSGTE CL 
EGF41 2449-2490 DIDE CKVMPNL CTNGQ CINTMGSFR CF CKVGYTTDISGTS CI 
EGF42 2491-2531 DLDE CSQSPKP CNYI CKNTEGSYQ CS CPRGYVLQEDGKT CK 
EGF43 2532-2570 DLDE CQTKQHN CQFL CVNTLGGFT CK CPPGFTQHHTA CI 
EGF44 2571-2613 DNNE CGSQPSL CGAKGI CQNTPGSFS CE CQRGFSLDATGLN CE 
EGF45 2614-2653 DVDE CDGNHR CQHG CQNILGGYR CG CPQGYIQHYQWNQ CV 
EGF46 2654-2694 DENE CSNPNA CGSAS CYNTLGSYK CA CPSGFSFDQFSSA CH 
EGF47 2695-2734 DVNE CSSSKNP CNYG CSNTEGGYL CG CPPGYYRVGQGH CV 
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Figure 3S1. Data from TSR4, TSR6, and TSR8 of ADAMTS9 for Figure 3.2B. Left panel: 
extracted ion chromatograms (EICs) of the different glycoforms of a peptide from ADAMTS9 
TSR4, TSR6, and TSR8 derived from Figure 3.2A. Black line, unmodified; red line, Fucose (Fuc) 
modified + glucose (Glc)-Fuc modified + mannose (Man)-, Fuc modified + Man-, Glc-Fuc 
modified; green line: 6-AF modified + Glc-6-AF modified + Man-, 6-AF modified + Man-, Glc-
6-AF modified or Fuc6nyl* modified + Glc-Fuc6nyl* modified + Man-, Fuc6nyl* modified + 
Man-, Glc-Fuc6nyl* modified. Right panel: detected precursor ions for 6-AF-incorporated 
peptides and Fuc6nyl* conjugated peptides, with glycoforms and charge states indicated. 
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Figure 3S2. Western blot-based quality control of the experiment depicted in Figure 3.2. 
Myc-tagged ADAMTS9 TSR2-8 and Myc-tagged Lfng that expressed and secreted to the 
secretome of HEK293T cells were captured by anti-Myc agarose and underwent on-bead click 
chemistry (CC) or mock click reaction (Mock). Captured proteins were eluted off the beads 
using urea and detected with Western blot. Note that only the CC sample with on-bead click 
reaction showed robust signal detected by streptavidin in the elution. 
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Figure 3S3. Mass spectral data of peptides with Fuc6nyl* modifications identified in the 
secretome of MGAT1 KO HEK293F cells by DidFAT. 

 
Figure 3S3A. Spectra from Agrin. 
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Figure 3S3B. Spectra from Versican. 
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Figure 3S3C. Spectra from ADAMTS1. 
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Figure 3S3D. Spectra from Fibrillin-2, Fibrillin-2, NOTCH1, and NOTCH3. 
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Figure 3S3E. Spectra from CCN3, NELL1, and Papilin. 
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Figure 3S3F. Spectra from Sushi, ADAMTS3, and ADAMTSL-6. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

 While domain-specific O-fucosylation is confined to a small subset of proteins containing 

specific protein domains, most of the targets identified to date play crucial roles in biological 

events and hold therapeutic values. Notable examples include Notch and ADAMTS proteins. In 

this dissertation, we expand the O-fucosylation repertoire by introducing a new type of domain-

specific O-fucosylation mediated by two novel POFUTs and developing tools for identifying 

protein targets for POFUT1 and POFUT2. 

 In Chapter 2, to identify the enzyme responsible for the newly discovered O-fucosylation 

of EMI domains, we performed a series of assays to test whether this process is mediated by the 

existing POFUTs. Interestingly, knockout of either POFUT1 or POFUT2 had no effect on EMI 

O-fucosylation, indicating the existence of an unidentified POFUT for this modification. Of all 

the FUTs identified in humans, only FUT10 and FUT11 have undefined acceptor substrates. 

Furthermore, Alphafold2 screens of binding structures with the EMI domain have revealed 

significant EMI binding by FUT10 and FUT11 which is not seen in other FUTs (data from Dr. 

Mark Larance, not included in this dissertation). These clues prompted us to investigate the 

potentials of FUT10 and FUT11 for EMI O-fucosylation. In both in vitro enzymatic assays using 

purified proteins and in cellular experiments, we observed robust EMI O-fucosylation activity 

for both FUT10 and FUT11. Thus, we renamed them as POFUT3 and POFUT4. Interestingly, 

POFUT3 and POFUT4 showed similar behaviors as POFUT1 and POFUT2. These similarities 

include the requirement of folded substrate structures for efficient modification, functioning in 
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the ER rather than Golgi, and the participation in a non-canonical ER quality control pathway for 

the folding and secretion of their respective protein substrates. 

 In addition to the similarities, the EMI O-fucosylation mediated by POFUT3 and 

POFUT4 displays several unique characteristics that raise many new questions. Unlike EGF and 

TSR, which have a single fucose modification site, the EMI domain features two spatially 

adjacent fucose residues. These fucose residues may be oriented in a specific manner to prevent 

steric clashes. Obtaining crystal structures of the EMI domain with O-fucose modification would 

provide insights into how EMI accommodates two fucose residues simultaneously. As the two 

fucose sites are situated in separate but anti-parallel β-strands, intramolecular interactions may 

occur between the fucose and spatially nearby amino acid residues on the other β-strand. This 

interaction could bring the two beta-strands closer together, thereby restricting their flexibility 

and compacting the EMI structure. Supporting this hypothesis is the observation that MMRN1 

T216A mutant displayed a reduced fucosylation level at the T265 site, indicating that the 

presence of the T216 fucose facilitates the addition of the T265 fucose (Figure 2S15A). This may 

be attributed to the T216 fucose generating interactions with residues on the other β-strand, 

compacting the EMI structure and make it more favorable for the T265 site modification 

compared to unmodified EMI structures. To test these hypotheses, we can generate co-crystal 

structures of POFUT3/4 with either wild-type EMI or EMI mutants (T216A, T265A, and 

T216A/T265A double mutants). Alternatively, we can employ NMR to monitor real-time 

conformational changes in EMI structures during fucose addition. 

 We observed that EMI O-fucosylation contributes to the secretion of MMRN1, indicating 

its involvement in a non-canonical ER quality control pathway for protein secretion. However, 

the detailed mechanisms remain unclear. Unlike O-fucose on TSR, which covers and stabilizes 
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the nearby disulfide bond, the two fucose residues of EMI are located in the middle of the two 

long anti-parallel β-strands and are not in close proximity to any disulfide bonds. O-fucosylation 

may potentially stabilize EMI structures by generating intramolecular interactions that bring the 

two β-strands closer together, as mentioned earlier. Conformational changes in EMI structure 

resulting from fucose addition could be monitored using HPLC, NMR, or Circular Dichroism 

(CD) spectroscopy. In addition, we can use in vitro unfolding assays to test whether the addition 

of fucose stabilizes the EMI structure and slows down its unfolding (131). To test whether the 

addition of fucose accelerates the folding of EMI structures, in vitro refolding assays can be 

used, as described in the study by Vasudevan et al (119). Refolding assays are also valuable in 

investigating whether the fucose residues are added after disulfide bond formation. Samples can 

be collected at various time points during the refolding process, their fucosylation and disulfide 

bond formation can be analyzed by mass spectrometry. Furthermore, EMI domains were 

observed to self-interact, presumably forming a trimer (150). The fucose residues on the EMI 

domain may play a role in its trimerization, thereby facilitating protein secretion. To examine 

this, we could mutate the O-fucose sites on the EMI domain and assess whether it leads to 

defects in trimerization. Fast performance liquid chromatography (FPLC) size-exclusion 

chromatography could be employed to monitor the trimerization. 

 We did not observe the incorporation of 6-AF into EMI domains when treating cells with 

6-AF, suggesting that POFUT3 and POFUT4 may not utilize 6-AF in cells. However, the exact 

mechanism remains unknown. Predicting the binding structures of POFUT3/4 with 6-AF or 

GDP-6-AF using Alphafold2, combined with in vitro enzymatic assays, can be employed to 

determine whether GDP-6-AF acts as a competitive inhibitor or un- or non-competitive inhibitor, 

forming a stable complex with the enzyme that blocks enzymatic activity, or just fails to fit into 
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the enzyme pocket. Obtaining co-crystal structures of POFUT3/4 with GDP-fucose and EMI 

domains could provide more detailed information about the essential residues for GDP-fucose 

binding and the catalytic mechanisms involved in fucose transfer. This information could be 

utilized to engineer POFUT3/4 to accommodate 6-AF or other fucose analogs, generating a 

“bump-and-hole” pair to profile the glycoproteome of POFUT3/4, similar to the approach 

described in Schumann et al (178). 

 Screening additional EMI-containing proteins for the presence of O-fucose at sites 

equivalent to those observed in MMRN1 and utilizing our POFUT3/4 knockout cells to identify 

the modifying enzymes, would help refine the precision of the POFUT3/4 consensus sequence. 

In addition, while we only observed O-fucose as a monosaccharide modification on MMRN1 

EMI domains, it could be elongated in other EMI-containing proteins. Furthermore, other types 

of modification could be identified on EMI domains in these proteins. Given the ongoing debate 

regarding the definition of EMI domains, proteins lacking an annotated EMI domain could still 

be modified by POFUT3/4 (150, 152, 179). To this end, we can utilize the Alphafold2 predicted 

folding structures of EMI domains to initiate a virtual screen in the human proteome, searching 

for candidates with similar folding structures. 

 In addition to the questions discussed above, numerous questions on the biological 

functions of POFUT3/4 remain unexplored. Do POFUT3 and POFUT4 display distinct 

modifying profiles in different tissue contexts or during different developmental stages? What is 

the biological significance of EMI O-fucosylation in physiological or disease contexts? 

Generating animal models with tissue-specific knockout of POFUT3 or POFUT4 would provide 

insights into these questions and help explore the therapeutic potential of this novel type of 

domain-specific O-fucosylation. 
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 In Chapter 3, we developed the Fuc6nyl* tag for specific labeling of POFUT1/2 targets. 

Interestingly, we observed that the conjugation of Fuc6nyl* provided additional benefits for 

glycoproteomic analysis, such as increasing precursor ion charge intensity by introducing an 

extra proton and generating high-intensity, O-fucose-specific diagnostic ions for confident 

glycopeptide assignments. Leveraging Fuc6nyl*, we developed a glycoproteomic workflow, 

DidFAT, dedicated for the in-depth profiling of the O-fucose proteome of POFUT1/2. We 

showed the efficient enrichment and identification of O-fucosylated peptides from a transfected 

positive control, validating the effectiveness of this workflow. Initial success was achieved by 

employing DidFAT to identify endogenous targets of POFUT1/2 from cell secretome. Thirteen 

endogenous proteins were identified with fucose on their predicted sites, along with the 

identification of two unexpected O-fucose sites on Fibrillin-2 and Agrin. However, as discussed 

in Chapter 3, the limited number of hits we obtained is contrary to our expectations of a higher 

yield.  This could be due to overexpression of ADAMTS9 TSR2-8, a highly abundant positive 

control that occupied the majority of secreted POFUT1/2 targets. Combined with the low 

abundance of O-fucosylated species in cell secretome and the inherent dynamic range limitation 

of the data-dependent acquisition (DDA) used for mass spectrometric data collection, it 

significantly reduced the available spots for endogenous O-fucose peptides to generate MS2 

spectra. Note that the data presented here were obtained from a 10 mL input of secreted media 

from cells transfected with ADAMTS9 TSR2-8. We expect to identify more hits with a larger 

input of secreted media from untransfected cells. Furthermore, HEK293F cells might not be the 

ideal cell line for the in-depth profiling of POFUT1/2 target proteins. Applying DidFAT in cell 

lines with higher secretion levels, broader coverage of the POFUT1/2 modifying proteome, or 
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upregulated POFUT1/2 activity would be beneficial, such as pre-T cells, cortical epithelial cells, 

Caco2 cells, and Molt4 cells (140). 

 Additional DidFAT replicates will be obtained from the secretome of HEK293F cells and 

other above mentioned cell lines to validate and expand the list of identified O-fucosylated 

peptides after this dissertation. Furthermore, many POFUT1 predicted target proteins are 

membrane proteins. Applying DidFAT in cell lysates could potentially help us to achieve a 

deeper coverage of the POFUT1/2 modifying proteome. 
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