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ABSTRACT

O-mannosylation accounts for approximately 30% of the reported O-linked glycan structures
detected from mouse brain. However, O-mannosylation has rarely been observed on other mammalian
proteins beside alpha-dystroglycan (a-DG). Previous studies have shown a-DG to be modified by both O-
GalNAc and rare O-mannose initiated glycan structures but no sites of attachment have been mapped.
Mutations in genes encoding known and putative glycosyltransferases involved in the O-mannosylation
of a-DG have been implicated in several forms of Congenital Muscular Dystrophy (CMD). Thus this
project sought to provide insights into global O-mannosylation and a-DG modification. Using tandem
mass spectrometry approaches we were able to identify 21 sites of modification on 91 glycopeptides
derived from a-DG. Additionally, through our glycomic analysis we were able to characterize 34 O-
glycan structures, 9 O-mannose and 25 O-GalNAc initiated structures, from mouse models of CMD. This
analysis of mouse brains allowed us to determine that POMGNT1 is essential for the extension of classical
and branched O-mannose initiated glycan structures, that loss of LARGE has no impact on these observed
structures or on O-GalNAc structures, and that additional O-mannose modified proteins besides a-DG
exist in mouse brains. All the work outlined in this dissertation is based on the development and

application of glycomic and glycoproteomic workflows.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Post-translational modifications-

Post-translational modifications (PTMSs) involve processing of a protein that changes its
properties either by proteolytic cleavage or by the addition of a modifying group to one or more amino
acid residues within the protein. Glycosylation is considered to be one of the most common post-
translational modifications, and it is postulated that glycoproteins make up more than half of all of the
proteins found with in the eukaryotic cell'. To date, 13 different monosaccharides and 8 different amino
acids have been reported to be involved in numerous protein-carbohydrate linkages®.

There are two main types of glycosylation, which are defined based upon the nature of the
glycosidic bond attaching the monosaccharide(s) to the protein and are commonly referred to as N-linked
and O-linked glycosylation. In the case of N-linked oligosaccharides, they are usually attached via a N-
acetylglucosamine (GIcNAC) to an asparagine following the consensus sequence N-X-S/T (X cannot be
proline). O-linked glycans however are attached to the hydroxy group of either serine (Ser) or threonine
(Thr) through a variety of reducing terminal sugar residues such as N-acetylgalactosamine (GalNAc),
fucose (Fuc), glucose, GIcNAc, xylose, galactose (Gal), and mannose (Man)?

O-mannosylation-

Identified in the late 1960’s, O-mannosyl glycans were first observed linked to the Ser and Thr
residues in baker’s yeast®. In yeast and fungi, O-mannose that is attached to the protein backbone is
typically extended by a-linked mannoses yielding a linear glycan structure®. Although O-mannosylation
is prevalent in fungi, this modification is uncommon to mammalian proteins. To date, O-mannosyl
glycans have only been identified from a limited number of sources, such as chondroitin sulfate

proteoglycans from brain tissue!, a-dystroglycan (a-DG) isolated from muscle, brain, and neuronal



tissues®’, and more recently was identified on a receptor protein tyrosine phosphatase p®. The O-
mannosyl glycan structures found on a-DG are vastly different from those observed on fungal proteins.
The most well characterized O-mannosyl glycan found on a-DG is a tetrasaccharide with the structure

NeuAca2-3Galp1-4GlcNAcB1-2ManalSer/Thr,
Dystroglycan-

Dystroglycan (DG) was first identified in 1987 as a novel laminin-binding protein (then named
cranin), and was later cloned and characterized by Kevin Campbell’s laboratory in the early 90’s” *°.
Originally isolated from skeletal muscle, DG is a central component of the dystrophin glycoprotein
complex (DGC)(Figure 1-1)'**. Although the exact function of the DGC remains undetermined, studies
have shown the DGC to aid in providing structural stability to the sarcolemma during muscle
contraction'?. Within the DGC, DG has been shown to interact with proteins of the extracellular matrix
(ECM), serving to connect the cytoskeleton of the muscle cell to the basement membrane® %2,

Encoded by a single gene, DAG1, DG is proteolytically cleaved into two non-convalently
associated proteins a-dystroglycan (a-DG) and B-dystroglycan (B-DG)™. o-DG is an extracellular protein
having a dumbbell shape which consists of two globular N- and C-terminal domains that contain 3
potential N-glycosylation sites separated by a extensively (heterogeneously) O-glycosylated mucin
domain (Figure 1-2)** *°. The O-linked glycan structures found on a-DG are initiated by both O-GalNAc
and O-mannose. The O-GalNAc linked glycans are of the core 1 type, with structures Galp1-3GalNAc,
while the O-mannose linked glycans have a reported structure of NeuAca2-3Galf1-4GIcNAcp1-2Man®”.
Preliminary studies focusing on the glycosylation of a-DG, have shown it to be extensively glycosylated
based upon separation by SDS-PAGE™. While the predicted molecular weight of a-DG is ~70kDa, when
detected by immunoblot a-DG has a molecular mass between 120 and156kDa, depending upon tissue
source™. Following removal of N-linked glycans, a molecular weight shift of ~4kDa was observed,

indicating that the variability of molecular weight arises from the extensive amount of O-glycosylation

within the mucin domain™*.



Complete understanding of the enzymatic pathways involved in the post-translational processing
of a-DG yielding fully, functionally active a-DG remains unclear. Following enzymatic removal of N-
glycans, the ligand binding activity of a-DG has been shown to be undisturbed. However, upon full
chemical deglycosylation of o-DG a complete loss of ligand binding activity was observed'®. Thus
research has shifted towards investigation of O-linked glycans on a-DG, of specific interest are the O-
mannosyl glycan structures. Previous studies suggested that an O-mannosyl tetrasaccharide was required
for the interaction between a-DG and extracellular ligands such as laminin. However, more recent studies
show that upon degradation of this glycan structure with a combination of glycosidases that laminin
binding is enhanced, indicating that there are other glycan structures present on a-DG that are required for
laminin binding'’.  Supporting this finding, Yoshida-Moriguchi et. al recently identified a novel
phosphorylated O-mannosyl glycan structure on a-DG which has been shown to be required for laminin
binding activity*®.

Mutations in genes encoding (putative) glycosyltransferases involved in the post-translational
processing of a-DG have been shown to have an effect on O-glycosylation pathways. Hypoglycosylation
of a-DG results not only in a loss of laminin binding, but has also been associated with cancer metastasis
and various forms of congenital muscular dystrophy (CMD)*. Mutations in the genes encoding protein
O-mannosyltransferase 1 and 2 (POMT1 and POMT2), which catalyze the addition of O-mannose onto
the protein backbone of a-DG have been shown to result in the severest form of CMD, Walker-Warburg
Syndrome (WWS)® %, Muscle-eye-brain disease (MEB), results from a mutation in the gene protein O-
mannosyl -1,2-N-acetylglucosaminyltransferase 1 (POMGnNT1), which extends O-mannose residues with
a p-1,2 linked GIctNAc*. Mutations in other genes encoding putative glycosyltransferases LARGE,
fukutin, and fukutin-related protein (FKRP) have also shown to result various forms of CMD*?,
Although the effect that these glycosyltransferases have on the post-translational processing of a-DG
remain unknown, mutations in the genes encoding these putative glycosyltransferases has been shown to

result in a-DG with a lower molecular mass and reduced laminin binding activity®®?’.



Given the importance of O-mannosylation regarding the proper function of o-DG, we
implemented the use of both proteomic and glycomic methodologies to map sites of post-translational
modification and characterize O-glycans released from o-DG”. Additional work was also completed to
characterize the structure and prevalence of O-glycans released from mouse brain models of CMD.
Glycoproteomic methodologies-

Glycosylation is one of the most common post-translational modifications, occurring on
approximately 50% of all proteins®. Applications of analytical methodologies in glycoproteomics such
as mass spectrometry (MS) have proven to be a valuable tool for the analysis of glycoproteins. These
analyses have yielded information such as the structure of attached glycans on a glycoprotein or aided in

identifying sites of glycosylation®**,

A typical protocol for the analysis of glycoproteins involves
enzymatic digestion of the sample mixture, usually with trypsin or a combination of enzymes, followed
by analysis by liquid chromatography/tandem mass spectrometry™.

Identification of glycopeptides from a large peptide population have proven to be challenging due
to the low abundance of glycosylated peptides relative to the total peptide population. To aid in mapping
sites of glycosylation methods have been developed that incorporate chemical tags onto the modified
glycopeptides at the site of attachment of the modifying glycan structure. These methods have also been
applied to facilitate enrichment of glycopeptides®. Methods such as B-elimination followed by Michael
addition with DTT (BEMAD) have also been developed, enabling sites of O-glycosylation to be tagged.
Although these methods enable the site of modification to be identified, all information regarding the
attached glycan structure is lost following enzymatic or chemical cleavage®.

MS methods have been developed to assist in the analysis of simultaneously identifying
glycopeptides and glycan structure and mapping modification sites®. Usually, MS/MS data obtained from
the fragmentation of glycopeptides by collision induced dissociation (CID) yields glycosidic cleavage of
the glycan structure and relatively few b & y type ions of the peptide®’. Therefore consecutive losses

equal to the masses of monosaccharides composing the glycan structure are able to be observed. If a

peptide bears extensive glycosylation it is difficult to acquire information about the oligosaccharide and



peptide structure in a single spectra®. By taking advantage of the capabilities of a linear ion trap mass
spectrometer, we developed and applied a pseudo-neutral loss MS® method to characterize the modifying
glycan structure through a series of neutral losses, and identify the peptide sequence and the exact site of
modification on a-DG. In order to map sites of modification, from each full MS scan (300-2000m/z), the
top 5 most intense peaks were selected to undergo MS/MS fragmentation. Data dependent neutral loss
scan was triggered if a neutral loss was observed equal to the singly or doubly charged mass of Hexose,
HexNAc, or Neu5Ac.

An alternative method for the dissociation of peptide bonds is electron transfer dissociation
(ETD). ETD results from ion-ion reactions of multiply protonated peptides with singly charged anions,
and induces fragmentation along the peptide backbone®. The resulting fragmentation pattern from ETD
has proven to be beneficial to studying PTMs, as an almost complete series of c- and z- type fragment
ions are produced and, liable PTMs such as glycosylation or phosphorylation are retained, instead of
being cleaved from the peptide backbone as with CID.

Additionally, studies focusing on glycomics have been rapidly expanding, and have revealed that
mutations in glycosyltransferases affecting the synthesis of oligosaccharides has given rise to neural and
developmental defects, connective tissue abnormalities, and muscular dystrophy™ *. Glycome analysis
poses more challenges than genome or proteome analysis because glycan synthesis is not template driven,
and glycan structures are typically composed of several different monosaccharide units that are branched
and attached to each other in a variety of linkages, which only increases the difficultly of analysis. Within
the field of glycomics there are two main categories that are the focus for this type of research: glycome
profiling and structure elucidation. Glycome profiling is typically used to compare and detect differences
in glycan structures released from different disease states. Structural analysis of glycans is challenging
due to their low abundance relative to the complex biological sample being analyzed.*

To characterize the structures of various O-glycans found to modify a-DG and mouse brain
proteins from various models of CMD, O-glycans were chemically released from the protein backbone

via reductive p-elimination. Following their release, O-glycans were permethylated to facilitate their



analysis by LC-MS/MS**. In addition to obtaining structural information about the released O-glycans,
the prevalence of each glycan was determined using an unbiased approach called total ion mapping
(TIM). Through the developed TIM method, MS/MS spectra are obtained in overlapping windows across
a specified mass range ensuring that minor glycan structures are able to be detected®. From our analysis
we identified 4 O-mannose initiated and 17 O-GalNAc initiated structures on o-DG isolated from rabbit
skeletal muscle”®. Additionally, similar techniques were applied for the analysis of O-glycans released
from the mouse brain proteins of various models of CMD. Overall we identified 9 O-mannose and 25 O-

GlaNAc initiated glycan structures from these model systems.
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Figure 1-1. Alpha-dystroglycan is the central component of the dystrophin-glycoprotein
complex (DGC).

Interaction between the a-subunit of dystroglycan (a-DG) and laminin-2 are dependent upon
the addition of O-mannose initiated glycan structures through posttranslational modification.
A genetic mutation in genes encoding analogous, putative glycosyltransferases has been
shown to result in several forms of congenital muscular dystrophy.
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Figure 1-2. Proposed structure of a.-DG.

a-DG is proposed to have a dumbbell shape, which is comprised of two globular domains at
each end with 3 potential sites of N-linked glycosylation and a central stalk region that is
heterogeneously glycosylated by O-linked glycans that are initiated either Man or GalNAc.
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ABSTRACT

The main extracellular matrix binding component of the dystrophin-glycoprotein complex
(DGC), alpha-dystroglycan (a-DG), which was originally isolated from rabbit skeletal muscle, is an
extensively O-glycosylated protein. Previous studies have shown a-DG to be modified by both O-
GalNAc and O-mannose initiated glycan structures. O-mannosylation while accounting for up to 30% of
the reported O-linked structures in certain tissues, has been rarely observed on mammalian proteins.
Mutations in multiple genes encoding defined or putative glycosyltransferases involved in O-
mannosylation are causal for various forms of Congenital Muscular Dystrophy. Here we explore the
glycosylation of purified rabbit skeletal muscle a-DG in detail. Using tandem mass spectrometry
approaches, we were able identify 4 O-mannose initiated and 17 O-GalNAc initiated structures on a-DG
isolated from rabbit skeletal muscle. Additionally, we demonstrate the use of tandem mass spectrometry-
based workflows to directly analyze glycopeptides generated from the purified protein. By combining
glycomics and tandem mass spectrometry analysis of 91 glycopeptides from a-DG, we are able to assign
21 different residues as being modified by O-glycosylation with differing degrees of microheterogeneity;
9 sites of O-mannosylation and 14 sites of O-GalNAcylation are observed with only two sites definitively
exhibiting occupancy by either type of glycan. The distribution of identified sites of O-mannosylation
suggests a limited role for local primary sequence in dictating sites of attachment.

INTRODUCTION

Defects in protein glycosylation related to human disease were first reported in the 1980s and
since then upwards of 40 various types of congenital disorders of glycosylation (CDG) have been
reported’. The term CDG was first used to describe alterations of the N-glycosylation pathway, and was
later expanded to include the O-glycosylation pathways'®. The importance and complexity of O-linked
glycosylation has only recently begun to be appreciated™®*. In particular, mutations in genes encoding
(putative) glycosyltransferases which catalyze the addition and extension of O-linked mannose-initiated
glycans have garnered increased attention in the last decade given that they are causative for several

forms of Congenital Muscular Dystrophy (CMD)>®.
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The most common form of O-glycosylation on secretory proteins are the mucin-like O-GalNAc
structures that are initiated by ppGalNAcTs in the endoplasmic reticulum-Golgi intermediate
compartment and/or early cis-Golgi’. Additionally, other O-linked structures are initiated with alternative
monosaccharides, such as O-mannose, O-glucose, O-fucose, O-xylose, and O-GIcNAc on Ser/Thr
residues and the O-galactose modification of hydroxylysine residues in collagen domains®. The diversity
of O-mannosylated proteins in mammals, while quite abundant in some tissues (~30% of O-glycans
released from mouse brains®), has not been well characterized. The only clearly identified mammalian
protein modified by O-mannosylation is alpha-dystroglycan (a-DG)°.

a-DG is a subunit of dystroglycan and was originally isolated from rabbit skeletal muscle as the
extracellular matrix-binding component of the dystrophin-glycoprotein complex (DGC,'). The binding to
extracellular components such as laminin is dependent upon the addition of O-linked oligosaccharides.
Numerous studies have shown that proper posttranslational processing of a-DG through the addition of

O-mannose structures is crucial for proper muscle and brain development®®®.

Of particular interest,
several distinct forms of congenital muscular dystrophy have been linked to defects in
glycosyltransferases involved in the O-mannosylation of a-DG>®°. Defects in glycosyltransferases
involved in O-mannose attachment and extension including POMT1/2 and POMGNT1, as well as the
putative glycosyltransferase LARGE, are present in various forms of CMD including Walker-Warburg
syndrome and Muscle-Eye-Brain disease®®®. Furthermore, ablation of these gene products in mouse
model systems recapitulates much of the pathophysiology of the corresponding human diseases™®®.

Given the importance of O-mannosylation to the function of a-DG, we undertook glycomics and
glycoproteomic site mapping of a-DG isolated from rabbit skeletal muscle. Since a-DG contains both O-
Man and O-GalNAc initiated structures the use of tagging strategies following p-elimination (such as
BEMAD™) cannot distinguish glycan type at individual sites. Therefore, we developed and employed
methodology for the direct assignment of glycopeptides when coupled with glycomic analysis. O-glycan

analysis was performed on released permethylated glycans using MS" tandem mass spectrometry to

define the structural diversity of O-Man and O-GalNAc initiated glycans present on the purified a-DG.
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We then performed direct analysis of the peptides/glycopeptides of a-DG, following tryptic digestion
with and without glycosidase treatment, via tandem mass spectrometry. Taking advantage of the ability of
an ion trap instrument to perform pseudo-neutral loss triggered MS® analysis, we were able to assign
specific O-glycan structures to peptides and in many cases to the exact sites of addition on a-DG. This
study, which is the first to map endogenously added O-mannose sites from purified functional a-DG,
facilitates our understanding of O-mannosylation in general. With respect to a-DG, the study highlights
the interplay between the O-Man and O-GalNAc classes of O-glycosylation, which will further the
development of future studies designed to unravel structure/function relationships for this important
glycoprotein as it relates to the pathophysiology of Congenital Muscular Dystrophy.
EXPERIMENTAL PROCEDURES

Protein purification
0-DG was extracted and purified exactly as previously described™.
Silver Staining and Western Blotting of Gels

SDS-PAGE was performed on a 4-20% Tris-HCI precast gel purchased from Bio-Rad
Laboratories.  Silver staining was conducted using an adapted protocol from Shevenchko and
colleagues™. Western blots were performed on semi-dry transferred PVDF membranes using the VIA4
and 11H6 monoclonal antibodies followed by ECL detection as previously described™.
Glycosidase treatment

The enzyme treated a-DG sample was prepared by combining 1.5ug of a-DG in 15 ul of water,
4ul of 5x incubation buffer (Prozyme), and 1.5 ul of 100 mM DTT and 6 ul of enzyme mixture
(GLYCOPRO deglycosylation kit (Prozyme) combined with the PRO-LINK extender kit (Prozyme)
containing the following enzymes: N-glycosidase (PNGaseF), sialidase A (A. ureafaciens), O-
glycosidase, (1-4)galactosidase, chondroitinase, and p-N-acetylglucosaminidase). The mock digested a-
DG was prepared similarly but lacked enzyme. Both the mock digested and glycosidase treated fractions

of a-DG were incubated overnight at 37°C.
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Immobilization of laminin-1 on the sensor surface and Surface Plasmon Resonance (SPR)

Murine laminin-1 was not stable at acidic pHs for coupling to the CM5 chips using the standard
amine coupling chemistry. In preparation for binding to the streptavidin chip (SA), laminin-1 was first
treated with AEBSF as described previously by Colognato et al.'*. Briefly, a 100mM solution of the
serine protease inhibitor 4-(2-Aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF-HCI)
containing laminin-1 was incubated overnight on ice. Free AEBSF was removed using a Microcon-10
(Amicon) microconcentrator. AEBSF-treated laminin-1 was then biotinylated at a molar ratio of 40:1 with
NHSLC-biotin (Pierce, USA) according to the manufacturer's instructions. The reaction product was
dialyzed free of unreacted NHSLC-biotin and the reaction product confirmed by HABA assay (data not
shown). Approximately 609 RU of biotinylated laminin-1 was bound on the SA chip during a 70 pL
injection (5 uL/min) of 100 pg/mL biotinylated laminin-1 in PBS. Samples of glycosidase treated and
untreated o-DG were tested at a flow rate of 10 uL/min over the immobilized laminin-1 for 1 min,
followed by a 2-min delayed wash to allow the dissociation phase to be recorded. Binding analysis of a-
DG to laminin-1 was performed using a Biacore 3000 (Pharmacia Biosensor AB, Uppsala, Sweden).
Binding causes a change in the surface Plasmon resonance (SPR), which was detected optically and
measured in resonance units (RU). Sensograms were collected as the difference in binding to the
laminin-1 versus a blank reference channel. The sensor chip surface was regenerated using 20 pL of
glycine—HCI solution (pH 2.5) after each round of binding. The BIAevaluation software 3.0 (BIAcore)
was used to analyze binding data.

Release of O-linked glycans

Purified a-DG, approximately 22ug, was transferred to a glass tube and stored at -80°C prior to
drying on a lyophilizer. To remove any residual detergent that might have been present from the
purification process, the dried protein powder was resuspended in acetone and centrifuged. The acetone
supernatant was decanted from the protein pellet and the pellet and any remaining acetone was removed
under a stream of nitrogen gas with mild warming (45°C). The dried sample was resuspended in 440ul of

Milli-Q water, and a 200ul aliquot was taken for release of O-linked glycans. The aliquot was re-
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Iyophilized and subjected to reductive p-elimination (LM NaBH, in 50mM NaOH, 18 hours at 45°C).
The reaction was neutralized by adding 10% acetic acid drop-wise while vortexing. The completely
neutralized sample was desalted by loading onto a small column of AG-50-X8 (1 ml bed volume).
Released oligosaccharides were eluted from the column with 3 volumes of 5% of acetic acid, collected,
and evaporated to dryness using a Speed Vac. Borate was removed as an azeotrope with methanol and
acetic acid by resuspending the dried sample in 9:1 methanol/acetic acid and then drying under a nitrogen
stream at 37°C four times.
Permethylation and analysis of released O-linked glycans

To aid in analysis of O-linked glycan structures, the released oligosaccharide mixture was
permethylated according to the method of Ciucanu and Kerek™. Permethylated glycans were analyzed as
described previously™®. Briefly, following permethylation, glycans were dissolved in 1mM NaOH in 50%
methanol. Using a nanoelectrospray source, the O-glycan mixture was directly infused into a linear ion
trap mass spectrometer (LTQ, Thermo Fisher) at a flow rate of 0.4ul/min. As described previously, total
ion mapping (TIM) was used to detect and quantify the prevalence of individual glycans'’. The
consortium for functional glycomics suggested nomenclature was used for all representations of glycan
structures in the figures and tables with undefined hexose or HexNAc species displayed in gray.
Protein Digestion

a-DG purified from rabbit skeletal muscle was digested using either sequence grade trypsin
(Promega) alone or in combination with endoproteinases Lys-c (Sigma). The samples were diluted to
40mM ammonium bicarbonate and reduced with 100mM DTT for 1 hour at 56°C,
carboxyamidomethylated with 55mM iodoacetamide in the dark for 45 minutes, and then protease
digested overnight at 37°C. In the case of Lys-C the digest was carried out in 6M Urea and the reduction
temperature was held at 37°C followed by dilution to 1M Urea with 40mM ammonium bicarbonate and
then overnight trypsin digest. After digestion, the reaction was quenched with 1% trifluoroacetic acid
(TFA) making final concentration ~0.1% TFA. The resulting peptides were dried down using a Speed

Vac and stored at -20°C until ready to analyze.
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S-elimination followed by Michael addition of dithiothreitol (BEMAD)

The application of BEMAD to tryptic peptides was as previously described *.
Nano-LC-MS®

a-DG glycopeptides were analyzed on a linear ion trap mass spectrometer (LTQ; ThermoFisher)
using a MS® data dependent neutral loss method. The glycopeptides were resuspended in 0.5 ul of
solvent B (0.1% formic acid/80% acetonitrile) and 19.5 ul of solvent A (0.1% formic acid), filtered using
a 0.2um spin filter at 12,000 rpm, and loaded on a 75 mm x 8.5 cm C18 reverse phase column/emitter
(packed in-house, YMC GEL ODS-AQ120AS-5) using a nitrogen pressure bomb. Peptides were eluted
over a 160 minute linear gradient increasing from 5% to 100% B over 90 minutes at a flow rate of 250
nl/min. Each full MS scan from 300-2000m/z yielded 5 MS/MS scans of the top 5 most intense peaks
with a dynamic exclusion of 2 for 30 seconds. Data dependent MS? scans were triggered if a neutral loss
was observed equal to the singly or doubly charged mass of Hexose, HexNAc, Fucose, or Neu5Ac (sialic
acid) within the top 3 peaks from the MS/MS scan.
Data Analysis

The acquired data was searched against a non-redundant rabbit database (generated March 26,
2004) obtained from the National Center for Biotechnology Information (NCBI) using the TurboSequest
algorithm (Bio-Works, Thermo Fisher). To aid in identification of glycopeptides, we allowed for a mass
increase of 162.1, 203.1, and 365.2 daltons on both threonines and serines looking for the addition of
Man, GalNAc, and Hex-HexNAc respectively. Additionally, peptides that were subjected to BEMAD
were searched looking for a mass increase of 136.2 daltons on both serines and threonines as previously
described. Output files that failed to a yield a final score (Sf) and probability score (P) above .45 and 30
respectively were not considered further. All remaining spectra were manually evaluated for the presence
of glycopeptides and sites of modification and were further validated by TurboSequest searches against

the rabbit a-DG FASTA sequence combined with the Turbosequest common contaminants database.

19



RESULTS

Characterization of purified a-DG from rabbit skeletal muscle

a-DG was purified from rabbit skeletal muscle as previously described and validated for purity
via silver staining (Fig. 2-1a) and for functional glycosylation using the I1H6 and VIA4, antibodies (Fig.
2-1b) that have previously been demonstrated to bind functional and glycosylated a-DG, respectively®.
Purity of the sample was also determined via trypsin digestion followed by LC-MS/MS. Based on the
full-length sequence of a-DG, coverage at 1% false-discovery rate (FDR) was only 13%. Decorin and
Calsequestrin were also identified in the sample but contributed less than 5% of the total spectral counts
assigned to proteins and thus represent minor co-purifying/contaminating proteins. In order to increase
coverage, a-DG was subjected to glycosidase treatment (with N-glycosidase, sialidase A [A. ureafaciens],
O-glycosidase, p(1-4)galactosidase, and B-N-acetylglucosaminidase that increased the mobility of the
protein upon electrophoresis (Fig. 2-1a). Further, mature a-DG is known to be processed by proteases
that cleave off the N-terminus™® and we were unable to detect any peptides corresponding to this region
(Fig. 1C, attempts to determine the N-terminus by automated Edman degradation sequencing were
unsuccessful suggesting that the N-terminus is blocked, data not shown). LC-MS/MS analysis following
glycosidase and trypsin/endoproteinase-LysC treatment increased overall coverage to 65% (Fig. 2-1c)
when one takes into account the proposed cleavage site for the mature protein by Kanagawa and
colleagues and the glycopeptides we observed (Supplemental Table 2-S1). Furthermore, SPR
experiments were used to confirm that the purified a-DG could bind to laminin in agreement with the
method of purification (laminin affinity column) and antibody binding (Fig. 2-1d). As previously
observed, using different methodologies®, treatment of o-DG with sialidase and galactosidase did not
have a detrimental effect on laminin binding. Thus, this characterization of the starting material made us
confident in moving forward with further analysis of functionally active, glycosylated a-DG.
O-glycans released from a-DG

O-linked glycans were released from a-DG purified from rabbit skeletal muscle by p-elimination,

permethylated, and analyzed by NSI-MS/MS. The generated full scans allowed for detection of released
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O-linked glycans (Fig. 2-2a) and structure of the O-glycans observed in the full MS was assigned based
on MS/MS fragmentation. In order to detect glycans in an unbiased manner, the sample was subjected to
total ion mapping as previously described (Fig. 2-2b,'"). Total ion mapping generates MS/MS
fragmentation profiles in small overlapping m/z ranges, allowing the detection of fragments that predict
the presence of glycans across the full range of detected m/z values. Detected glycans were further
confirmed by MS" fragmentation as needed to define the structure (data not shown). In Figure 2-2c and
2-2d, we present two such MS/MS profiles (from a total of over 700) to display the identification of an O-
GalNAc (disialyated T antigen) and an O-Man (the classical O-Man tetrasaccharide, Siac2-3Galf1-
4GIcNAcp1-2Man) initiated structure. Table 2-1 includes a list of all of the glycan structures observed
from rabbit skeletal muscle a-DG. While there are more total O-GalNAc initiated structures observed, O-
Man-initiated structures represent ~50% of the structures by prevalence.
Assignment of Glycopeptides and Sites of Attachment

Having established the range of structures observed on a-DG, we set out to assign these
structures to the polypeptide backbone. Purified a-DG was digested using sequence grade trypsin alone
or in combination the endoproteinase Lys-c to increase protein coverage and/or glycosidase treatment to
improve digestion, yielding a mixture of peptides and glycopeptides. The resulting mixtures were then
analyzed via LC-MS? using a linear ion trap mass spectrometer. By taking advantage of the capabilities
of the linear ion trap mass spectrometer, we were able to apply MS® fragmentation to glycopeptides that
generated neutral losses of glycans in MS/MS. In order to identify the glycopeptides, a full MS scan was
acquired from 300-2000m/z (Fig. 2-3a and 2-4a). From the acquired full scan, MS/MS fragmentation
spectra were generated for the top 5 peaks (Fig. 2-3b and 2-4b). Upon fragmentation, if a predetermined
neutral loss corresponding to a glycan was observed, a data dependent MS?® scan was triggered on the
neutral-loss peptide that yielded further fragmentation data for the glycopeptide (Fig. 2-3b, 2-3c, 2-4b,
and 2-4c).

Through application of this pseudo-neutral loss triggered MS® method, we were able to observe,

in many cases, sequential monosaccharide losses, defining the glycan structure from its distal end to its
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glycosidic attachment to Ser/Thr. The observed losses of glycans (Hexose, HexNAc, and Neu5Ac)
species were then fitted to the existing confirmed structures on a-DG that had been determined through
reductive B-elimination, permethylation, and MS" analysis (Table 2-1). The modified peptide was able to
be determined upon calculating the neutral loss of glycans and the generation of b- and y-ions in MS/MS
and/or MS®. The peptide sequence was able to be determined by comparing a list of the generated peptide
(M+H)" values against a theoretical list of generated peptides for the a-DG proteins sequence using the
MS-digest application from the Prospector web-site created by the University of California at San
Francisco. We also used the BEMAD method to aid in mapping sites modified by O-linked glycans™.
While this method proved to be beneficial by indicating the modified residue in a limited set of cases
(Supplemental Table 2-S1), it is not capable of distinguishing between O-GalNAc or O-mannose initiated
glycan structure. Thus, in order to make more confident assignments of the glycan structure responsible
for modification at a particular Ser/Thr residue, we examined the b- and y- ions that were generated from
MS/MS and MS? fragmentation of the peptide backbone. By comparing the theoretical b- and y- ions of
O-GalNAc or O-Man containing fragments with those that were observed in the two spectra, we were
able to determine in many cases the exact residue modified. For example, Figure 2-3c and 2-4¢ show
glycopeptides from o-DG that were modified by the addition of an O-GalNAc initiated glycan structure,
disialyated T-antigen, and an O-mannose initiated glycan structure, Siaa2-3Galb1-4GIcNAcb1-2Man, at
S475 and S485, respectively. Upon fragmentation, b- and y- ions still modified by Hexose or HexNAc
allow unequivocal assignment of the structures to specific residues. Similar strategies were applied for all
O-Man and O-GalNAc initiated structures and the results are summarized in Table 2-2 and supplemental
Table 2-S1.
DISCUSSION

O-linked glycans containing mannose were first isolated from an enriched mixture of brain
chondroitin sulfate proteoglycans, with a core structure suggested to be Galgl-4GIcNAcB-1-2Man-
Ser/Thr nearly 30 years ago™. However, sites of modification have not previously been mapped from

native sources for the most well characterized O-mannosylated protein, a-DG. Given the importance of
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O-glycosylation for proper function of a-DG, we sought here to map defined glycan structures to sites of
attachment on the polypeptide from endogenously glycosylated a-DG isolated from rabbit skeletal
muscle.

a-DG was purified from rabbit skeletal muscle as previously described and shown to be highly
enriched and functionally glycosylated (Fig. 2-1,"4). In order to map glycan structures to specific sites,
we first released and permethylated the glycans from the glycoprotein so that we could get detailed
fragmentation defining the full set of glycans present on a-DG (Fig. 2-2). This allowed us to determine
that there were at least 21 different O-linked glycans present on o-DG purified from rabbit skeletal
muscle. Four of these structures were initiated by O-Man with the classical, previously described®,
Sian2-3Galp1-4GIcNAcp1-2Man tetrasaccharide structure being the most prevalent (Table 2-1). Only
one branched O-Man structure was observed in rabbit skeletal muscle-derived a-DG at less than 0.1%
prevalence (Table 2-1), consistent with the proposal that the brain-specific enzyme, GnT-Vb (GnT-I1X), is
responsible for O-Man branching®.

With the glycans on a-DG defined, direct glycopeptide analysis following enzymatic digestion of
the protein was performed via pseudo-neutral loss-triggered MS® analysis (Figs. 2-3 and 2-4). This
procedure relies on the neutral loss of a glycan mass to trigger further fragmentation of the glycopeptide.
Given the lability of the glycosidic linkage, most glycopeptides generate dominant neutral loss peaks
associated with glycan fragmentation upon collision-induced dissociation (Fig. 2-3 and 2-4). Further
fragmentation of the species that has undergone a neutral loss provides further glycan losses, as well as
peptide b- and y-ions to assist in the assignment of the peptide and the site(s) of glycosylation. To
facilitate improved digestion and better coverage for the resulting peptides, endoproteinase Lys-C under
denaturing conditions followed by trypsin digestion was used. Furthermore, we found that partial
deglycosylation greatly facilitated digestion and glycopeptides assignments.  While incomplete
exoglycosidase treatment allowed discrimination between sites of O-Man and O-GalNAc initiation, it
limited mapping of intact glycan structures at many sites (Table 2-2 and Supplemental Table 1). In

several cases, there was not sufficient fragmentation information (i.e. fragments containing glycans) to
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map the exact site of attachment but we could assign the glycan to a particular peptide or subset of
residues in the peptide (Table 2-2 and Supplemental Table 2-S1). Of note, stretches of Thr residues can
be particularly problematic for mapping sites of GalNAc attachment since the molecular weight of two
adjacent Thr residues is almost identical to the weight of a HexNAc.

In total, we observed 91 glycopeptides in our analyses that allowed us to assign 16 specific O-
glycosylated residues within a-DG (Fig. 2-1c). In addition, another 16 sites of modification were
restricted to a small subset of possible residues (Fig. 2-1c). As expected, for many of the sites of
modification, we saw microheterogeneity; glycopeptides with different glycan structures on the identical
residues were observed (Supplemental Table 2-S1). We also observed that 2 sites of glycosylation (S475
and T478) could accept O-Man and O-GalNAc initiated glycan structures. This suggests that O-
mannosylation, at least on these sites, is substoichiometric since the enzymes for O-Man attachment are
localized in the ER and likely precede the O-GalNAc machinery that is localized to the cis-Golgi and/or
ERGIC" °. In total, we observed 24 sites of glycosylation on rabbit skeletal muscle a-DG including 9
sites of O-mannosylation.

Recently, an in vitro study using recombinant POMT1/2 enzymes and synthetic peptides derived
from o-DG performed by Manya et al, concluded that mammalian O-mannosylation is dependent upon a
consensus sequence (IXPT(P/X)TXPXXXXPTX(T/X)XX)*?. When we compared the 9 sites we identified
as O-mannosylated with the proposed consensus site, 6 of our defined sites do not fit this model.
However, in our studies, there are three other unresolved sites of O-Man within a single peptide,
containing eight potential sites of modification, that are consistent with their model. The sites reported in
the in vitro study, T404, T406, and T414, potentially overlap with the three sites of O-Man modification
localized between residues 404-424 on endogenously glycosylated a-DG. Breloy and colleagues in 2008,
relying on data generated via overexpression of fragments of human a-DG in epithelial cells, argued that
O-mannosylation was regulated in a much more complex manner than a simple local primary sequence®.
Alignment of our O-Man sites generated from endogenous rabbit skeletal muscle a-DG provided no

obvious local consensus site for attachment (Supplemental Table 2-S2) and thus our findings are in
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agreement with Breloy and colleagues. Therefore, we conclude that O-mannosylation of particular
residues is not regulated solely by a local consensus sequence. Further work is needed to determine the
mechanism by which residues for O-Man addition are selected and to elucidate the effect of O-Man
modification on further modification of the glycoprotein by O-GalNAc-initiated structures.

Campbell and colleagues recently demonstrated that O-mannosyl phosphorylation was present on
a-DG and was required for laminin binding®. Furthermore, that study placed phosphomannose at Thr-
379 on a human a-DG construct isolated from cell lines with minimal LARGE activity. Of particular
interest to this study, we were unable to observe the analogous rabbit peptide (374-389) by our methods.
Presumably, this is because of an unknown LARGE-dependent modification of the phosphorylated O-
Man structure. Without knowledge of the complete chemical nature of the LARGE-dependent
modification, peptides bearing this structure would be missed using our pseudo-neutral loss triggered
methods. For completeness, it should also be noted that Thr-381 and Thr-388 of this peptide were also
observed to be O-Man modified in the human overexpression study®* and they are in a stretch of sequence
similar, but not identical, to the proposed consensus sequence of Endo and colleagues .

Interestingly, beyond this missed peptide that contains the phospho-mannose containing
trisaccharide extended with an unknown large-dependent modification®, we did not detect 4 other
predicted tryptic peptides of greater than 4 amino acids in length. Two of these peptides are contiguous
and represent the extreme N-terminus of the fully processed polypeptide. Given that the N-terminus of the
mature protein was apparently blocked based on results of automated Edman sequencing, it is not
surprising that the extreme N-terminus peptide was not observed as the nature of the moiety blocking the
N-terminus is unknown. This leaves us with 3 peptides that we failed to detect, all of which contain
Ser/Thr residues. Two of these peptides (338-359 and 550-572) are quite large and contains 6 and 5
potential sites of glycosylation, respectively. Thus, it is likely that if multiple sites were utilized for
glycosylation that these peptide would exceed the upper mass limit of the instrument (2000 m/z). The
remaining unexplained absent peptide is 583-597. This peptide only contains one potential site of O-

linked glycosylation (Ser-586). Given the modest size of this peptide, its lack of multiple sites of
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glycosylation, and the fact that both peptides flanking this sequence were assigned, failure to detect this
peptide is difficult to explain unless like peptide 374-389 this peptide also contains the large-modified
phospho-mannose trisaccharide at Ser-586. Given that we chose to map sites on fully functional a-DG, it
is not surprising that we were unable to map the phospho-mannose containing trisaccharide peptide(s) that
we had previously assigned in a Large-deficient cell line?*. However, based off the absence of detection in
this study, we speculate that other peptides, including 583-597 and possibly 338-359 and 550-572 may
indeed be modified in a Large-dependent manner as well.

In conclusion, we have developed and implemented a work flow that enabled us to assign defined
O-glycan structures to specific residues on the polypeptide by utilizing both glycomics and
glycopeptidomics. The resulting site map describing both O-Man and O-GalNAc initiated glycosylation
on a-DG isolated from rabbit skeletal muscle provides a framework for elucidating structure/function
relationships for this complex glycoprotein. It should also facilitate a greater understanding of the
interplay between O-GalNAcylation and O-mannosylation, two glycosylation pathways that theoretically
are competing for the same sites of modification. Given that O-mannosylation is defective in multiple
forms of Congenital Muscular Dystrophy, is required for a-DG function, and is likely found on other yet-
to-be-identified mammalian proteins, the work presented here lays an essential groundwork for future

functional studies.
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Figure 2-1. Purified, functionally glcosylated a-DG from rabbit skeletal muscle.

(a) Silver staining following SDS-PAGE of purified o-DG (lane 1). Lane 2 and 3 represent
mock or glycoside (N-glycosidase F, sialidase, endo-O-glycosidase, B(1-4)galactosidase, and
B-N-acetylglucosaminidase)-treated a-DG . (b) Wetern blot analysis following SDS-page of
purified a-DG with the glycan-dependent anti-o-DG monoclonal VIA4; and 1IH6, which
specifically recognizes fully glycosylated, functionally active a-DG. (c) Protein sequence
derived from the dystroglycan gene with the capitalized, bolded sequence representing the
predicted mature o-DG protein. Peptides assigned by tandem mass spectrometry are
underlined. Sites detected to be modified by GalNAc are highlighted in blue; sites of O-
mannosylation are highlighted with red; residues observed to be modified by both GalNAc
and mannose are green. Sites of potential modification are highlighted similarly and
distinguished by striking through the modified residue. (d) Untreated a-DG (a), a-DG treated
with b-galactosidase and sialidase (a+b), or glycosidases alone (b, enzymes without a-DG
present) binding to immobilized laminin-1 as measured by surface plasmon resonance.
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Figure 2-2. Purified, functionally glcosylated a-DG from rabbit skeletal muscle.

(a) Silver staining following SDS-PAGE of purified a-DG (lane 1). Lane 2 and 3 represent
mock or glycoside (N-glycosidase F, sialidase, endo-O-glycosidase, $(1-4)galactosidase, and
S-N-acetylglucosaminidase)- treated a-DG. (b) Wetern blot analysis following SDS-page of
purified a-DG with the glycan-dependent anti-a-DG monoclonal VIA41 and 1IH6, which
specifically recognizes fully glycosylated, functionally active a-DG. (c) Protein sequence
derived from the dystroglycan gene with the capitalized, bolded sequence representing the
predicted mature o-DG protein. Peptides assigned by tandem mass spectrometry are
underlined. Sites detected to be modified by GalNAc are highlighted in blue; sites of O-
mannosylation are highlighted with red; residues observed to be modified by both GalNAc
and mannose are green. Sites of potential modification are highlighted similarly and
distinguished by striking through the modified residue. (d) Untreated a-DG (2), a-DG treated
with B-galactosidase and sialidase (a + b), or glycosidases alone (b, enzymes without a-DG
present) binding to immobilized laminin-1 as measured by surface plasmon resonance.
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Figure 2-3. Assignment of an O-GalNAc a-DG glycopeptide.

From the full scan acquired at 49.33 minutes (a), a peak at 1018.3 m/z was selected for
fragmentation (b) The resulting MS/MS of 1018.3 m/z yielded the neutral loss of two terminal
SA residues, which was then followed by MS® fragmentation indicating the loss of a Gal
residue followed by a reducing end GalNAc. The combined glycan structure was determined
to belong to a peptide with 1087.6 m/z. From examining the MS/MS spectra (not shown) and
the neutral loss triggered MS® spectra (c), the site of post-translational modification to the
serine within the peptide IRTTTSVGPR is assigned.
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Figure 2-4. Assignment of an O-Man a-DG glycopeptide.

From the full scan acquired at 52.38 minutes (a), a peak at 895.8 m/z was selected for
fragmentation (b) The resulting MS/MS of 895.8 m/z yielded the neutral loss of terminal SA
residue, which was then followed by MS3 fragmentation indicating the neutral loss of a Gal-
GalNAc residue followed by a reducing end Man. The combined glycan structure was
determined to belong to a peptide with 971.5 m/z. From examining the MS/MS spectra (data
not shown) and the neutral loss triggered MS® spectra (c), the site of posttranslational
modification to the serine within the peptide LETASPPTR is assigned.
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Table 2-1. Quantification of O-Glycans released from a.-DG purified from rabbit skeletal muscle.

Structure Theoretical [ Observed | A(The.-Obs.) % total
! gt o o 534.7 534.5 02 9.5
2 [ Rl 575.7 575.5 0.3 1.9
3 O_./f 7389 738.6 0.4 19.7
4 5} 779.9 779.4 0.5 0.1
5 &O)} or :))} 896.0 895.6 0.5 34.1
6 &C)} or ?ZF 926.0 925.6 0.4 1.7
7 ] 937.1 937.6 -0.5 0.4

]

8 O;} 984.1 984.6 -0.5 <0.1%
9 M 1100.3 1099.6 0.7 25.2
10 5 1141.3 1141.2 0.1 0.3
1 ‘_gj} 1257.4 1256.6 0.9 6.7
12 0—3} or & 1287.4 1287.8 -0.4 0.2
13 ‘Oﬁ} 1345.5 1345.7 -0.2 <0.1%
14 ig)} 1519.7 1519.6 0.1 <0.1%
15 Oﬁ?} 1549.7 1549.7 0.0 <0.1%
16 0{‘9} 1618.8 1618.2 0.6 <0.1%
17 ‘{i;)} 1706.9 1706.1 0.8 <0.1%
18 3:} 1911.2 1911.5 -0.3 <0.1%
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Table 2-2. Summary of sites of modification and modifying residue(s).

RESIDUE STRUCTURE
T367/T369/T370/T372 ¥ [} -Thr(lx)
S391 * —@— -Ser
T395 *. _@— -Thr
S398 * —@— -Ser

T404 / T406 / T414 / T418 / T421-4

S430 #

*- O+ -Thr

*- O+ -Ser
T446 * _Of}+ -Thr
T450 * 5} “Thr
T455 # ’_O)} or ?} “Thr
T463-4 *O)} or 3} ~Thr (2x)
T469 ’_O/D' or Q:k -Thr
T473 ’_&} or Q:k -Thr
S475 %O)} or 2)} -Ser
S475 M -Ser
S475 *5} -Ser
T478 * _@— -Thr
T478 * [ -Thr
T483 M “Thr
T484 # ‘g} “Thr
S485 ‘Q} -Ser

T529/T530/531
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CHAPTER 3

GLYCOMIC ANALYSIS OF MOUSE MODELS OF CONGENITAL MUSCULAR DYSTROPHY

Hammond S, Aoki K, Lim JM, Porterfield M, Liu M, Buskirk S, Campbell KP, Hu H, Live D,
Tiemeyer M, Wells L.
To be submitted to Journal of Biological Chemistry.
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ABSTRACT

Alpha-dystroglycan (a-DG) is an extensively O-glycosylated extracellular matrix binding protein
and the main component of the dystrophin-glycoprotein complex (DGC). Previous studies have shown a-
DG to be post-translationally modified by both O-GalNAc and O-mannose initiated glycan structures.
Mutations in several genes leading to hypoglycosylation of a-DG, which is associated with a loss of
ligand binding activity, are causal for various forms of Congenital Muscular Dystrophy (CMD). In this
study we sought to perform glycomic analysis on O-linked glycan structures released from three different
mouse brain models of CMD (POMGnNT1, LARGE, and o-DG -/-). Using mass spectrometry approaches
we were able to identify 9 O-mannose initiated and 25 O-GlaNAc initiated glycan structures in the wild-
type littermate control mouse brains. Through our analysis, we were able to confirm that POMGnNTL1 is
essential for the extension of all observed O-mannose glycan structures with -1,2 linked GIcNAc. Loss
of LARGE had no observable effect on the O-mannose initiated glycan structures characterized here.
Interestingly, we also determined that similar amounts of O-mannose initiated glycan structures are
present on mouse brain proteins from the a-DG -/- animals compared to wild type, indicating that there
must be additional proteins that are O-mannosylated in the mammalian brain. Our findings illustrate that
elongation and p-1,6 GIcNAc branching of O-mannose glycan structures is dependent upon the
POMGNT1 enzyme, and that O-mannosylation is not solely limited to a-DG in the brain.

INTRODUCTION

Congenital muscular dystrophy (CMD) is a heterogeneous group of inherited neuromuscular
disorders characterized by severe muscle weakness, ocular and neuronal migration abnormalities, and
variable mental retardation *. Within recent years, it has become increasing clear through genetic studies
that hypoglycosylation of the protein dystroglycan (DG) is a commonality between various phenotypes of
CMD. DG is post-translationally cleaved into an extracellular a-DG subunit and a transmembrane p-DG
subunit . a-DG is the central component of the dystrophin-glycoprotein complex (DGC), and serves as a

link between the cytoskeleton of the muscle cell and the extracellular matrix by binding to proteins such
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as laminin®. Interaction between a-DG and its extracellular ligands require a-DG to be properly post-
translationally modified through the addition of O-linked oligosaccharides, specifically O-mannose *°. To
date, mutations in six genes that encode determined or predicted glycosyltransferases have been shown to
result in varying forms of CMD in which the post-translational processing of a-DG is affected*®. The six
mutated genes and their original resulting form of CMD are: protein O-mannosyltransferase 1(POMT1)
and 2 (POMT2)-Walker-Warburg Syndrome (WWS) " 2 protein O-linked mannose f1,2 N-
acetylglucosaminyltransferase (POMGNT1)- Muscle—Eye-Brain disease (MEB) °, Fukutin-Fukuyama
congenital muscular dystrophy (FCMD) *°, Fukutin-related protein (FKRP)- congenital muscular
dystrophy 1C (MDC1C) “, and LARGE- congenital muscular dystrophy (MDC1D) *2. Recent work has
demonstrated that selected mutations in some of these genes can cause various forms of CMD likely
dependent on the severity of the mutation on enzymatic activity’®. Abnormal glycosylation of a-DG
appears to be a commonality among all of the aforementioned forms of CMD. While expression of a-DG
appears to not be grossly affected, the ability of a-DG to be recognized by monoclonal antibodies 11H6
and VIA4, is eliminated, as well as the ability of a-DG to properly bind its ligands .

a-DG is comprised of a central mucin-like region which is extensively heterogeneously
glycosylated with glycan chains that are initiated by both O-GalNAc and O-mannose ***. POMT1 and 2
and POMGnNT1 have been shown to catalyze the first two steps involved in the synthesis of a sialyated O-
mannosy| tetrasaccharide structure * *°, The previously identified glycan structure, Neu5Ac(a2-3)Gal(B1-
4)GIlcNAc(B1-2)Man, was identified on o-DG isolated from both brain and muscle and was previously
thought to be required for ligand binding activity. However, more recent studies have suggested that
laminin binding is most likely not dependent on this structure, as treating a-DG with a series of
glycosidases resulting in the trimming of this O-mannosyl tetrasaccharide structure does not abolish
laminin binding activity, but rather enhances the ability of a-DG to bind to laminin *°. Additionally,
recent work by Yoshida-Moriguchi et. al., has shown that LARGE, a putative glycosyltransferase, is

involved in the synthesis of a rare extended phosphorylated O-mannosy! trisaccharide core structure on a-
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DG that is required for laminin binding ?°. The roles that the other putative glycosyltransferases, fukutin
and FKRP, have in the post-translational processing of a-DG have yet to be determined.

Given the importance of post-translational processing of o-DG as related to CMD and the
abundance of O-mannosyl glycan structures in the brain (~30% of O-glycan structures are O-mannose
initiated %*), we sought to identify and characterize the relative abundance of O-glycan structures released
from the mouse brain proteins of CMD disease models and their comparative wild type controls. To do
this we implemented strategies that had been previously developed and described . Glycomic analysis
of the various mouse models of CMD consisted of chemically releasing all O-glycans by b-elimination,
which was followed by permethylation, and analysis by mass spectrometry ?*. From the implemented
workflow we were able to fully characterize O-glycans released from mouse brain proteins of selected
mouse models of CMD and compare their relative abundances between the control and disease states.
This study highlights the relative abundance of O-mannose and O-GalNAc initiated glycan structures
characterized from the three CMD mouse brain models studied as well as the role of crucial enzymes and
substrates in the O-mannosylation process.

EXPERIMENTAL PROCEDURES
Preparation of whole animal and tissue specific knockout mouse models of CMD

The whole body and tissue specific knockout mouse models of congenital muscular dystrophy
were prepared as reported previously %%
Preparation of Brain Protein Powder

Protein powder was prepared from various mouse models of congenital muscular dystrophy as
described previously #. Briefly, to prepare protein powder from mouse brains, frozen brains were
homogenized and delipidated in a solvent mixture with a final ratio of chloroform/methanol/water equal
to that of 4:8:3. The extracted material was allowed to incubate for 6 hours at room temperature. The
precipitated protein material was collected by centrifugation, and the resulting protein pellet was re-
extracted with fresh solvent. The precipitated protein pellet was washed with ice cold 20% acetone and

then dried under a gentle nitrogen stream at 45°C.
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Release of O-linked Glycans

O-glycans were released using reductive p-elimination as reported previously *°. Briefly, protein
powder was resuspended with 1M NaBH, in 50mM NaOH and incubated at 45°C for 18 hrs. Following
incubation, the reaction mixture was neutralized by adding 10% acetic acid dropwise while vortexing.
The completely neutralized samples were desalted by loading onto an AG-50W-X8 (Bio-Rad) column
(ImL bed volume). The released oligosaccharides were eluted from the column with 3 volumes of 5%
acetic acid and dried to dryness using a SpeedVac. Borate was removed by adding 10% acetic acid in
methanol and drying under a nitrogen stream at 45°C.
Permethylation and Analysis of O-glycans by Nanospray lonization Mass Spectrometry (NSI-MS")

Released oligosaccharides were permethylated to facilitate their analysis by mass spectrometry as
reported previously #. For analysis by NSI-MS", permethylated glycans were dissolved in 1mM NaOH
in 50% methanol and directly infused into a linear ion trap mass spectrometer (LTQ, Thermo Scientific)
at a flow rate of 0.4 mL/min. As described previously, the total ion mapping (TIM) function of the
Xcallibur software package was used to detect and quantify the prevalence of all detected glycan
structures . Glycan nomenclature and representation of all glycan structures shown in figures and tables
is in agreement with the guidelines proposed by the consortium of functional glycomics with unidentified
HexNACc residues displayed in grey.
Characterization of O-mannitol by High-Pressure Liquid Chromatography

As described previously ?*, monosaccharides were released from both POMGNT1 +/+ and -/-
mouse brain proteins and the abundance of O-mannitol was analyzed as described previously . Briefly,
O-glycans were released from protein powder prepared from both POMGNnT1 +/+ and -/- brains by
reductive p-elimination, which were separated on a Dionex CarboPac MA-1 column (250 X 4 mm) and
detected by HPAEC-PAD. The detected monosaccharide peaks were later quantified based on

monosaccharide alditol standards.
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Western Blotting

Mouse brain proteins from all three phenotypes were separated by SDS-PAGE on a 7.5% Tris-
HCI precast gel purchased from Bio-Rad Laboratories. Following separation proteins were transferred to
PVDF membranes using semi-dry transfer and probed using monoclonal antibody I1H6 (1:2000 dilution)
(Millipore) and ERK-2 (C-14) (1:5000 dilution) (Santa Cruz). Proteins were detected using SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific).

NMR Studies

A sample of < 1mg of Ac-YVEP(GIcNAc-p-1,2-Man-a-)TAV-NH, was dissolved in 90uL of
D,0 in a 3mm Shigemi NMR microcell (Shigemi, Inc., Allison Park, PA). NMR spectra were obtained on
a Varian NMRS 600 MHz NMR spectrometer with a 3mm HCN coldprobe. *H DQCOSY, 'H TOCSY,
'H-BC gradient-HMQC and 'H-*C gradient-HMBC data were recorded using the standard pulse
sequences in the VVnmrJ software and were processed on the spectrometer. From these data, all resonances
were assigned for the disaccharide glycan, and connectivities across the glycosidic linkages established
with the HMBC experiment.

Synthesis of Ac-Tyr-Val-Glu-Pro-Thr(a-D-Man)-Ala-Val-NH,

Peptide synthesis and preparation of Fmoc-Thr(Acs-a-D-Man)-OH generally follows methods
reported previously. Peptide chain assembly starting with Fmoc-PAL-PEG-PS resin (0.3 g, 0.18 mmol/g)
(Applied Biosystems, Foster City, CA) was carried out manually. A CEM Discover microwave reactor
(CEM Corporation, Mathews, NC) was used for accelerated deprotection and coupling reactions at
elevated temperature. Side-chain protection employed was 'Bu for Tyr and O'Bu for Glu. All reactions
were carried out in a plastic vessel (25 ml) with a porous polypropylene frit, and no stirring was used.
Fmoc removal was achieved with piperidine-DMF (1:4) for 4 min at 75°C under 30 W microwave
irradiation, couplings (2.5 equiv of Fmoc-amino acids) were mediated by HCTU (2.5 equiv)-HOBt (2.5
equiv)-DIEA (5 equiv) for 9.5 min at 75°C under 25 W microwave irradiation, and N-acetyl capping was
carried out with acetic anhydride-DMF (1:4) for 4 min at 75°C under 30 W microwave irradiation. The

coupling of Fmoc-Thr (Acs-a-D-Man)-OH (1.5 equiv) was mediated by HCTU (1.5 equiv) -HOBt (1.5
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equiv) -DIEA (3 equiv) for 9.5 min at 75°C under 25 W microwave irradiation. Double couplings of
Fmoc-Thr (Acs-0-D-Man)-OH (0.5 equiv), Fmoc-Pro-OH (2.5 equiv) and Fmoc-Glu (O'Bu)-OH (2.5
equiv) were carried out under the same microwave coupling conditions, and with corresponding amount
of HCTU, HOBt and DIEA. Approximately half of the peptide resin was treated with TFA-H,O (19:1, 5
ml) in a glass flask (25 ml) with stirring for 2 h at 25°C to cleave the Ac-YVEPT(Ac,-a-D-Man)AV-NH,
from the resin, and concurrently remove '‘Bu and O'Bu side-chain protecting groups. The cleaved peptide-
resin mixture was then washed extensively with TFA (3x1 ml), and the O-acetylated glycopeptide was
precipitated by adding cold anhydrous ether (100 ml) to the combined filtrates. The ether-treated material
was kept overnight at 4°C, and was then collected by centrifugation and washed further with cold ether
(2x10 ml). The O-acetylated glycopeptide was purified by semi-preparative RP-HPLC, and the fractions
with the desired products were pooled and lyophilized. The lyophilized O-acetylated glycopeptide was
then dissolved in methanol (~4 ml/mg) for removal of O-acetyl groups. The pH of the methanol solution
was adjusted to ~9 (as detected by wet litmus paper) by adding a solution of NaOMe in methanol. The O-
deacetylation reaction was carried out with mild stirring, and monitored by analytical RP-HPLC, going to
completion after 5 h. Powdered CO, (dry ice) was then added carefully to reach a pH of 6, and the pure
glycopeptide was obtained after semi-preparative RP-HPLC followed by lyophilization of the appropriate
fractions. Amount: 15 mg. Overall yield based on initial substitution of resin: 57%. ESI-MS: 981.4
[M+H]", 1003.4 [M+Na]".
Enzymatic Synthesis of Ac-YVEP(GIcNAc-$-1,2-Man-a-)TAV-NH,
Ac-YVEP(GIcNAc-B-1,2-Man-a-)TAV-NH, was prepared from Ac-YVEP(Man-a)TAV-NH,
using the POMGNT1 enzyme. The DNA sequence for human POMGNT1 (provided by Dr. Huaiyu Hu,
State University of New York) was cloned into a pSecTAG2B vector and stably transfected into HEK-
293 cells. For POMGnNT1 purification, culture media was collected from the HEK-POMGnNT1 cells and
combined with a mixture of protease inhibitors. The media were then chromatographed through a Nickel

chelating column and the active glycosyltransferase was partially purified by elution with 300 mM
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imidazole at pH of 6.8. To avoid aggregation and stabilize the recombinant enzyme in solution, bovine
serum albumin was usually added and the resulting mixture was dialyzed (to remove the imidazole), and
then concentrated. To assay the enzyme activity, the incorporation of radiolabeled GIcNAc from UDP-
[*H]-GIcNAC into Manal-O-benzyl was measured over time and the reaction product was purified by
solid phase extraction on a SepPack C-18 cartridge. In a typical purification procedure, 2 to 5 mL of a
solution with partially pure enzyme could be obtained with an activity of 190 milliunits/mL. 0.8 mg of
Ac-YVEP(Man-a-)TAV-NH, was treated with recombinant POMGnT1 and UDP-GIcNAc and the
process driven to completion over 72 hours using buffer conditions as previously described in the
presence of alkaline phosphatase to remove to prevent the accumulation of the glycosyltransferase
inhibitor UDP. The monosaccharide and disaccharide substituted peptides were separated by analytical
RP-HPLC on a Cyg column (4.6x250 mm), with detection at 220 nm, and elution with 0.1% aq. TFA
(buffer A)-0.1% TFA in CH3CN (buffer B), linear gradient from 0 to 10% buffer B, at a flow rate of 1
ml/min for 40 min.
RESULTS

POMGNT1 is Required for the Extension of O-mannose by -1,2 Linked GIcNAc

O-linked glycans were released from both POMGNnT1+/+ and -/- mouse brain proteins by f-
elimination and then permethylated to facilitate their analysis by NSI-MS/MS. The acquired Full MS
scans (m/z 700-1500) (Fig. 3-1a and b) allowed for the detection of O-glycan structures released from
both POMGNT1 +/+ and -/- mouse brain proteins. The structural assignment of O-glycans observed in the
full MS scans was based upon subsequent MS/MS fragmentation data. In order to detect all of the
released O-glycan structures, we used total ion mapping (TIM) methodologies as previously described %.
By using TIM, we were able to acquire MS/MS fragmentation profiles allowing for the detection of O-
glycans over the entire scanned m/z range. In Figure 3-1c and d, we show the MS/MS fragmentation
profile of disialyated T antigen (m/z 1256) detected in both the POMGNTL1 +/+ and -/-. Table 3-1 contains

a list of all glycan structures detected in both the POMGNT1 +/+ and -/-. Fragmentation of extended O-
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mannose structures was not observed in the POMGnNT1 -/- (the glycan prevalence is indicated as ‘ND’
(not detected) Table 3-1 for all extended O-Man structures). Additionally, mouse brain proteins from
both POMGNT1 +/+ and -/- were separated by SDS-PAGE and probed with monoclonal antibody I1H6
(Fig. 3-1e), which detects fully glycosylated, functionally active a-DG. From the Western blot we
observed a loss of reactivity of 1IH6 with proteins from the POMGNT1 -/-, indicating that a-DG is
hypoglycosylated and no longer functionally active. Through HPAEC-PAD analysis of p-eliminated,
reduced monosaccharide alditols from both POMGNT1 +/+ and -/- mouse brain proteins, Man-ol was
shown to be elevated ~2.4 fold in the POMGNT1 -/- compared to the POMGNT1 +/+ littermate control
suggesting that POMT1/2 activity was unaffected.

The assignments of the resonance positions for all NMR 'H and **C signals arising from the
GIcNAc-Man disaccharide glycan on the glycopeptide Ac-YVEP(GIcNAc-B-1,2-Man-a-)TAV-NH;
(residues 410-416 of aDG), prepared by recombinant POMGnNT1 enzymatic addition of GIcNAc to the
Man glycopeptide, were made using homonuclear two-dimensional *H DQ-COSY, and TOCSY
experiments and heteronuclear *H-*C HMQC and HMBC two-dimensional correlations. The latter
experiment shows correlations between *H and **C nuclei with two or three intervening bonds,? allowing
explicit connections to be established across the glycosidic linkages. The initial identification of the Man-
a and the GIcNAc-p anomeric sites could be readily made based on the distinct *H and **C carbon shift
positions associated with their respective stereochemistry® *°. Further, the *Ju1.4, couplings for the
anomeric protons were as predicted for the linkage stereochemistry, with a large coupling ~ 8.5Hz in the
'H 1-dimensional spectrum clearly showing the GIcNAc linkage to be p*. The location of the Man
anomeric signals were also in agreement with that observed for the synthetic substrate glycopeptide Ac-
YVEP(Man-a)TAV-NH, (data not shown). Using correlations that could be traced back to the assigned
anomeric resonances, shifts for nuclei at the additional sites in each residue were determined with
information derived from the experiments above (Supplemental Figure 3-1). Based on these assignments,

HMBC cross peaks arising from 'H and *C connectivities in both directions across the glycosidic
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linkages between the sugar residues, and from the Man to the Thr p (Fig. 3-2) were identified. These
results unequivocally establish the formation of a f1-2 linkage between the GICNAc and the Man residues
mediated by POMGNT1.
O-glycans released and detected from both LARGE +/+ vs. -/- are identical

O-linked glycans were released from LARGE +/+ and -/- mouse brain proteins as described
previously. Full MS scans (m/z 700-1500) (Fig. 3-3a and b) of the released O-glycans indicate that the
most abundant glycan structures found in both the LARGE +/+ and -/- samples to be similar. Structural
analysis of the released O-glycans was based upon the acquired MS/MS fragmentation data. In Figure 3-
3c and d, we show that synthesis of the O-mannosyl tetrasaccharide structure remains unaffected in the
LARGE -/- based upon structural assignment of characteristic fragments. Prevalence of all the
characterized glycan structures were quantified by using TIM and no statistically relevant changes were
observed (Table 3-2). Mouse brain proteins from both LARGE +/+ and -/- were separated by SDS-PAGE
and probed with monoclonal antibody IIH6 (Fig. 3-3e). From the Western blot we observed a loss of
reactivity of IIH6 with proteins from the LARGE -/-, indicating that a-DG is hypoglycosylated and no
longer functionally active.
O-mannose initiated glycan structures are still detectable in the a-DG -/- brain

As previously described O-glycans were released from o-DG +/+ and -/- mouse brain proteins.
Full scans were acquired (m/z 700-1500) of released O-glycans from both a-DG +/+ and -/- mouse brain
proteins with the most abundant glycan structures shown (Fig. 3-4a and b). Through the MS/MS
fragmentation spectra we were able to confirm the presence of a fucosylated O-mannose trisaccharide
isolated from the mouse brain proteins of both the a-DG +/+ and -/-. Mouse brain proteins from both
LARGE +/+ and -/- were separated by SDS-PAGE and probed with monoclonal antibody I1H6 (Fig. 3-
3e). From the Western blot we observed a loss of reactivity of 1IH6 with proteins from the a-DG -/-,

indicating the absence of functionally active a-DG
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DISCUSSION

Hypoglycosylation of a-DG through genetic mutations, has been shown to result in various
phenotypes of CMD in which the post-translational processing of a-DG is affected, preventing binding to
proteins of the ECM such as laminin, perlecan, and agrin *.. To date, quantitative comparative studies of
O-glycans released from models of CMD have yet to be completed. Thus we sought to characterize and
quantify the structure and prevalence of the various O-glycans released from mouse brain proteins of
three models of CMD.

O-glycans were chemically released from the mouse brain proteins of POMGnT1 -/-, LARGE-/-,
and o-DG -/- brains as well as their comparative wild type littermates by p-elimination. We started by
comparing the full MS scans of O-glycans released from knockout mouse brain to that of their wild type
littermates (Fig. 3-1a, 3-1b, 3-3a, 3-3b, 3-4a, 3-4b). Previous studies have shown that mutations in
POMGNTL1 prevent the extension of O-mannosyl glycans with GIcCNAc residues . We were able to
confirm the absence of extended O-mannosyl glycans in the POMGNT1 -/- as shown in Table 3-1.
Interestingly, no -1-6 branching was observed suggesting that the activity of POMGNT1 precedes and is
necessary for the activity of GnTV-b that is involved in branching of O-Man structures®. However, the
presence of O-Mannitol was elevated approximately 2.4 fold in the brain tissue of the POMGNTL1 -/- over
that of the POMGNT1 +/+ suggesting no defect in POMTL1/2 activity. The disialyated T antigen (m/z
1256) was observed to be the most abundant glycan structure found in both the POMGNT1 +/+ and -/-
brains. Structural assignment was made based upon acquired MS/MS fragmentation spectra (Fig. 3-1c
and d). Using I1H6 antibody, which specifically recognizes functionally active, fully glycosylated a-DG,
we detected the absence of functional a-DG in the POMGNT1 -/- brain.

Although POMGNT1 had previously been reported to extend O-mannosyl glycans with a p1,2
linked GIcNAC residue *, the presence of O-mannosyl glycans on o-DG extended with p-1,4 GIcNAc has
been recently proposed®. Prior work completed to determine the linkage of the GIcNAc concluded that

the GIcNAc residue was linked to the C2 position of the mannose based upon treatment of released

65



glycans with jack bean B-N-acetylhexosaminidase, which cleaves at the B-1,2 linkage. Additionally,
analysis by reversed phase HPLC was used to confirm the extension of the O-mannose by p-1,2 linked
GIcNAc °. However, recent work by Yoshida-Moriguchi et al., indicates the presence of a novel
phosphorylated structure in which the O-mannose is extended by a p-1,4 linked GIcNAc . Therefore we
definitively determined the linkage at which GIcNAc was added to a synthetic O-mannosyl peptide with
recombinant POMGNT1 using NMR. From our analysis we concluded the POMGNTL1 is indeed
responsible for extending O-mannose with a p-1,2 linked GIcNAc (Fig. 3-2) as previously reported®.
This suggests that there is as a yet undetermined GIcNAc transferase capable of acting on O-Man residues
to introduce a $-1,4 linked GIcNAc moiety.

Through our analysis of O-glycans released from LARGE +/+ and -/- mouse brain proteins, we
were unable to detect any differences in the relative abundance of observed O-glycan structures.
However, previous work has shown a-DG to be hypoglycosylated in the LARGE deficient myodystrophy

™% mouse, resulting in a reduction in ligand binding activity™. In work previously reported by

(Large
Sutton-Smith et. al., O-glycan profiles from both a normal and Large™“ mouse brain were compared. In
their study, they observed 3 O-GalNAc and 2 O-mannose initiated glycan structures of similar abundance
in both the normal and Large™* mouse brains *. Here, we corroborate their findings with more in depth
of analysis with our assignment of 25 O-GalNAc structures and 9 O-mannose structures in both the
LARGE +/+ and -/- brains with similar abundances. Recently, Campbell and colleagues observed a
phosphorylated O-mannosyl glycan structure, which is LARGE dependent, present on a-DG that is
required for laminin binding . However, during our analysis of O-glycans released from LARGE -/-
mouse brain proteins we were unable to observe this glycan structure. Most likely the absence of this
glycan structure in the LARGE -/-brains can be attributed to its minor contribution to the complete pool
of O-glycans and perhaps may reflect that it is on a limited set of proteins including a-DG.

Having fully characterized O-glycans from two mouse models of CMD, we proceeded to

characterize O-glycans released from o-DG +/+ and -/- mouse brain proteins, since a-DG is a primary
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protein associated with CMD and the only well characterized O-Man modified mammalian protein.
Similar to the other instances in which we analyzed the released O-glycans, we proceeded to compare the
relative abundance of O-glycans detected from both the wild type and knockout mouse brain proteins.
Surprisingly from the generated full MS scans (Fig. 3-4a and b) there was not a discernable difference in
the prevalence of O-mannose initiated glycan structures (Table 3-3) observed in the a-DG -/- brain
compared to those detected from the wild type. The presence of O-mannosyl glycans was further
confirmed upon analysis of the MS/MS fragmentation spectra as shown in Figures 4 C and D, where the
presence of a fucosylated O-mannosyl glycan was confirmed in both the wild type and a-DG -/- brain.
Consequently, we observed a significant reduction in the amount of a-DG detectable by western blotting
with 1IH6 against proteins from the a-DG -/- brain (Figure 3-4 €). Our results mimic those that were
obtained by Campbell and colleges where minute amounts of a-DG (less than 5% wild type levels) could
be detected in the vascular smooth muscle of cerebral blood vessels in the a-DG -/- brain . Comparison
of the relative amounts of O-mannosyl glycans expressed on a-DG +/+ and -/- mouse brain proteins
resulted in an inability to detect a significant difference in the amount of O-mannose structures attached to
brain proteins though a-DG expression was greatly reduced. This strongly suggests that there must be
additional O-mannose modified proteins in the mammalian brain to account for the presence O-mannose
structures that were determined to be on the a-DG -/- mouse brain proteins.

In conclusion, we were able to develop and implement workflows that allowed us to perform
glycomic analysis on O-glycans released from the mouse brain proteins from select mouse models of
CMD. Collectively, we were able to fully characterize 34 different glycan structures from the three
phenotypes and the wild type controls we investigated (Tables 3-1, 3-2, and 3-3). Through our analysis
we were able to identify 9 O-Man and 25 O-GalNAc (including 6 isobaric species) initiated O-glycan
structures. By characterizing these O-glycan structures, we are able to provide some insight into the role
of the known and putative glycosyltransferases POMGnT1 and LARGE, respectively, have on the O-
mannosyltion pathway. Additionally, through the detection of O-mannosyl glycan structures in the a-DG

-/-, we were able to provide evidence for additional O-mannosylated proteins in the mammalian brain.
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FIGURE 3-1. O-glycans released from POMGNT1 +/+ and -/- mouse brain proteins.

a,b) O-glycans were released from protein powder made from POMGNT1 +/+ and -/- mouse
brain proteins by p-elimination. Through comparison of the full MS scans of +/+ and -/- we
were able to observe the absence of prominent O-mannose structures in the -/-. ¢,d) From the
MS/MS scan m/z 1256 the disialyated Tn antigen, is unaffected in both the POMGnT1 +/+ and
-/-. ) Antibody 11H6, which recognizes fully glycosylated, functionally active form of a-DG,
shows absence of functionally active o-DG in POMGNnT1 -/- brains. f) Individual
monosaccharides were released from both POMGnNT1 +/+ and -/- mouse brains protein and the
relative abundance of O-mannitol compared. From the two data sets, proteins carrying non-
extended O-mannose structures were observed to be enriched ~2.4 fold in the POMGNT1 -/-
animals.
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FIGURE 3-2. Linkage analysis of recombinant POMGnNT1 by NMR.

'H-13C 2-dimensional correlation spectra showing signals derived from the carbohydrate
portion of the Ac-YVEP(GIcNAc-B-1,2-Man-a-)TAV-NH, glycopeptide prepared from
POMGNT1 action on the mannosylated peptide. Panels A and B are sections from an
HMQC spectrum where the crosspeaks are at the coordinates of pairs of directly bonded
protons and carbons, and C and D are similar regions from the HMBC spectrum where the
peaks are at the coordinates of a proton and carbons two or three bonds away. The lines
identify peaks in the spectra that are associated with the same protons associated with sites of
glycosidic linkage. Peaks in C show connections between the H-2 proton of Man and the C1
of GIcNAc, establishing the GIcNAc C1 to Man C2 glycosidic linkage, and additionally the
linkage from the Thr § proton and the Man C1. These are confirmed in the other direction
across the linkages by the peaks in panel D.
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FIGURE 3-3. O-glycans released from Large +/+ and -/- mouse brains proteins.

a,b) O-glycans were released from protein powder made from both Large+/+ and -/- mouse
brain proteins. Through comparison of the full MS scans we observed no difference in the
prominent O-glycan structures that were detected from +/+ and -/- brain proteins. c,d) MS/MS
fragmentation spectra of m/z 1100 indicates the presence of the classical O-man
tetrasaccharide in both the Large +/+ and -/- mouse brains. e) Antibody IIH6, which
recognizes the fully glycosylated, functionally active form of a-DG, shows absence of
functionally active a-DG in Large -/- brains.
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FIGURE 3-4. O-glycans released from a.-DG +/+ and -/- mouse cerebrum proteins.

a,b) O-glycans were released from protein powder made o-DG +/+ and -/- cerebrum.
Through comparison of the full scan we observed no difference in the amount of prominent O-
mannose initiated glycan structures detected in the a-DG +/+ and -/- proteins. c¢,d) MS/MS
fragmentation spectra of m/z 912 indicates the presence of the fucosylated O-mannose
trisaccharide structure in both the a-DG +/+ and -/- mouse brains. €) Antibody I1H6, which
recognizes the fully glycosylated, functionally active form of a-DG indicates a significant
decrease in the amount of a-DG levels present in the a-DG -/- brain compared to that of the
++.
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Table 3-1. O-glycans Released from POMGNT1 +/+ and -/- Mouse Brain Proteins.

No. Structure MW POMGnTI1 +/+ | POMGnT1 -/-
1 GlcNAc-Man s’ ND
and 5343 11.9% £ 1.1%
2 Gal-GalNAc {1 13.9% + 4.9%
3 HexNAc-GalNAc | gl 575.3 1.7% £ 0.5% 2.5%+1.1%
4 Gal-GlcNAc-Man . o 738.4 2.1% = 0.4% ND
5 Neu-Gal-GalNAc
and 867.5 2.0% + 1.0% 3.9% + 3.5%
6 Gal-(Neu)-GalNAc
7 NeuAc-Gal-GalNAc P
and 895.5 15.2% + 0.2% 17.1% + 4.6%
L 2
8 Gal-(NeuAc)-GalNAc |
Y
9 Gal-Fuc-GIcNAc-Man o : ® 9125 7.5% + 3.8% ND
10 NeuGe-Gal-GalNAc
and 925.5 2.1% + 0.5% 2.8% £ 0.9%
11 Gal-(NeuGc)-GalNAc
s |
12 Gal-(Gal-GIcNAc)-GalNAc I} 983.5 0.9% £ 0.2% 1.3% + 0.5%
13 NeuAc-Gal-GleNAc-Man - 4 1099.6 5.8% = 1.6% ND
14 NeuGe-Gal-GleNAc-Man " ® 1129.6 0.7% £+ 0.1% ND
(o8 |
15 Gal-(Gal-Fuc-GlcNAc¢)-GalNAc Al 1157.6 0.7% + 0.04% 0.8% + 0.2%
-l
16 Gal-Gal-(Gal-GlcNAc)-GalNAc ]
and 1187.6 0.9% +0.1% 0.9% + 0.3%
-l
17 Gal-(Gal-Gal-GlcNAc)-GalNAc I}
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Table 3-1. Continued.

L 2
18 Neu-Gal-(NeuAc)-GalNAc
and 1228.6 2.5%+2.3% 84%+7.1%
19 NeuAc-Gal-(Neu)-GalNAc
O
L
20 NeuAc-Gal-(NeuAc)-GalNAc I} 1256.6 40.0% +5.3% | 41.7% +10.3%
’ oY
L 2
21 NeuGe-Gal-(NeuAc)-GalNAc [l
and 1286.6 1.6% + 0.5% 2.1%+0.3%
22 NeuAc-Gal-(NeuGce)-GalNAc
*O
. T
23 NeuAc-Gal-(Fuc-GlcNAc)-GalNAc ’ A 1314.7 0.9% = 1.1% 0.5% +0.1%
24 NeuGe-Gal-(NeuGe)-GalNAc 1316.7 0.4% + 0.04% 0.5% = 0.2%
=
25 NeuAc-Gal-GlcNAc-(GleNAc)-Man oom ND
and 1344.7 0.9% + 0.2%
¢Oon
26 Gal-(NeuAc-Gal-GIcNAc)-GalNAc } 1.1% + 0.2%
¢ Oon
27 NeuAc-(NeuAc-Gal-GlecNAc)-GalNAc ’t } 1501.8 0.1% £ 0.01% 0.3% =+ 0.04%
-l
28 NeuAc-Gal-GlcNAc-(Gal-GlcNAc)-Man oo @ ND
and 1548.8 0.3%+0.1%
( -l
29 NeuAc-Gal-(Gal-Gal-HexNAc)-GalNAc I} 0.6% = 0.3%
¢
30 NeuAc-NeuAc-Gal-(NeuAc)-GalNAc & { » | 1617.8 1.1% + 0.3% 1.1%+ 0.3%
L 2
eom
31 NeuAc-Gal-(NeuAc-Gal-GlcNAc)-GalNAc & 1705.9 0.2% +0.02% 0.3% £ 0.2%
-
32 NeuAc-Gal-GleNAc-(Gal-Fuc-GlcNAc)-Man AP ND
L S8 |
and 1722.9 0.2% + 0.02%
33 NeuAc-Gal-Gal-(Gal-Fuc-GlcNAc)GalNAc ’ ! I 0.1% + 0.04%
€00
L SO8 |
34 NeuAc-Gal-GlcNAc-(NeuAc-Gal-GlcNAc)-Man eom @ 1910.0 0.2% + 0.02% ND




Table 3-2.

O-glycans Released from LARGE +/+ and -/- Mouse Brain Proteins.

No. Structure MW LARGE +/+ LARGE -/-
1 GIcNAc-Man o i
and 534.3 24.9%+ 12.8% | 23.2% + 13.4%
2 Gal-GalNAc *:
3 HexNAc-GalNAc B 575.3 2.0% + 0.4% 1.7% + 0.4%
4 Gal-GleNAc-Man . o 738.4 2.8% +0.2% 2.6% +0.2%
5 Neu-Gal-GalNAc -
and 867.5 1.5% + 0.4% 2.1%+1.2%
6 Gal-(Neu)-GalNAc |
_Gal-GalNAc [
7 NeuAc-Gal-GalNAc O
and 895.5 15.9% + 0.1% 15.6% + 0.6%
*
8 Gal-(NeuAc)-GalNAc L1
9 Gal-Fuc-GleNAc-Man , : ® 912.5 9.8% + 0.9% 11.4% + 1.9%
10 NeuGe-Gal-GalNAc )
and 925.5 2.3% +0.6% 2.6% +0.3%
11 Gal-(NeuGe)-GalNAc }
on
12 Gal-(Gal-GleNAc)-GalNAc I} 983.5 0.8% + 0.2% 0.9% = 0.2%
13 NeuAc-Gal-GlcNAc-Man ¢ Om g 1099.6 5.6% £ 1.8% 6.2%+1.9%
14 NeuGe-Gal-GleNAc-Man - ® 1129.6 0.6% +0.1% 0.8% = 0.4%
-
15 Gal-(Gal-Fuc-GleNAc)-GalNAc A 1157.6 0.8% + 0.3% 0.8% = 0.3%
o8 |
16 Gal-Gal-(Gal-GlcNAc)-GalNAc -
(G20]
and 1187.6 0.6% + 0.02% 0.6% = 0.3%
17 Gal-(Gal-Gal-GlcNAc)-GalNAc B




Table 3-2. Continued.

*
18 Neu-Gal-(NeuAc)-GalNAc 1
and 1228.6 1.6% + 0.6% 1.7% + 0.5%
19 NeuAc-Gal-(Neu)-GalNAc I}
. OY
*
20 NeuAc-Gal-(NeuAc)-GalNAc oo } 1256.6 26.2% +9.7% 25.6% + 8.0%
L N
21 NeuGe-Gal-(NeuAc)-GalNAc |
and 1286.6 1.3% + 0.4% 1.5% +0.4%
22 NeuAc-Gal-(NeuGce)-GalNAc 1
P
0
23 NeuAc-Gal-(Fuc-GleNAc)-GalNAc . A 1314.7 0.2% £ 0.1% 0.2% £+ 0.1%
24 NeuGe-Gal-(NeuGce)-GalNAc I} 1316.7 0.4% +0.1% 0.4% + 0.2%
m
25 NeuAc-Gal-GlcNAc-(GlcNAc)-Man )
L SOF |
and 1344.7 0.9% + 0.2% 0.9% +0.2%
L SO |
26 Gal-(NeuAc-Gal-GlcNAc)-GalNAc
¢On
27 NeuAc-(NeuAc-Gal-GlecNAc)-GalNAc .f 1501.8 0.1% + 0.02% 0.1% +0.07%
ol
28 NeuAc-Gal-GleNAc-(Gal-GleNAc)-Man eom ®
and 1548.8 0.3% +0.1% 0.2% +0.1%
29 NeuAc-Gal-(Gal-Gal-HexNAc)-GalNAc M I}
’ Q)
¢
30 NeuAc-NeuAc-Gal-(NeuAc)-GalNAc < 1617.8 0.7% + 0.4% 0.6% +0.03%
*
eOm
31 NeuAc-Gal-(NeuAc-Gal-GlcNAc)-GalNAc P, 1705.9 0.2% = 0.1% 0.2% + 0.07%
s |
32 NeuAc-Gal-GleNAc-(Gal-Fuc-GlcNAc)-Man AD
eom
and 1722.9 0.2% £ 0.1% 0.2% +0.1%
=
33 NeuAc-Gal-Gal-(Gal-Fuc-GlcNAc)GalNAc . A
34 NeuAc-Gal-GleNAc-(NeuAc-Gal-GleNAc)-Man ::2:::'* 1910.0 0.2% = 0.1% 0.2% £+ 0.1%
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Table 3-3.

O-glycans Released from a-DG +/+ and -/- Mouse Brain Proteins.

No. Structure MW aDG +/+ aDG -/-
I GlcNAc-Man s’
and 5343 9.4% 11.4%
2 Gal-GalNAc {1
3 HexNAc-GalNAc B 575.3 1.9% 2.1%
4 Gal-GlcNAc-Man . o 738.4 0.9% 1.5%
5 Neu-Gal-GalNAc
and 867.5 0.5% 0.9%
6 Gal-(Neu)-GalNAc
7 NeuAc-Gal-GalNAc P ‘—A
and 895.5 12.9% 12.6%
L 2
8 Gal-(NeuAc)-GalNAc
-
9 Gal-Fuc-GlcNAc-Man me 912.5 7.5% 6.9%
10 NeuGe-Gal-GalNAc [
and 925.5 1.0% 1.1%
11 Gal-(NeuGce)-GalNAc
s |
12 Gal-(Gal-GlcNAc)-GalNAc I 983.5 0.4% 0.5%
13 NeuAc-Gal-GlcNAc-Man o Om o 1099.6 8.5% 8.2%
14 NeuGe-Gal-GleNAc-Man = o 1129.6 0.4% 0.7%
s |
15 Gal-(Gal-Fuc-GlcNAc)-GalNAc F'S 1157.6 0.6% 0.6%
.
16 Gal-Gal-(Gal-GlcNAc)-GalNAc [
and 1187.6 0.4% 0.6%
o0
17 Gal-(Gal-Gal-GlcNAc)-GalNAc -
@]
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Table 3-2. Continued.

L 2
18 Neu-Gal-(NeuAc)-GalNAc [}
and 1228.6 1.7% 1.9%
19 NeuAc-Gal-(Neu)-GalNAc
&
<@
20 NeuAc-Gal-(NeuAc)-GalNAc . 1256.6 48.1% 45.4%
*
21 NeuGe-Gal-(NeuAc)-GalNAc
and 1286.6 1.7% 1.6%
22 NeuAc-Gal-(NeuGe)-GalNAc )
’ O
L&
23 NeuAc-Gal-(Fuc-GlcNAc)-GalNAc ‘AA S 1314.7 0.2% 0.2%
24 NeuGe-Gal-(NeuGe)-GalNAc 1316.7 0.3% 0.2%
]
25 NeuAc-Gal-GlcNAc-(GlcNAc)-Man
L S8 |
and 1344.7 0.7% 0.7%
L 208 |
26 Gal-(NeuAc-Gal-GIcNAc)-GalNAc
¢Oon
27 NeuAc-(NeuAc-Gal-GIcNAc)-GalNAc .' } 1501.8 0.2% 0.2%
.
28 NeuAc-Gal-GlcNAc-(Gal-GlcNAc)-Man @
L S8 |
and 1548.8 0.3% 0.4%
>
29 NeuAc-Gal-(Gal-Gal-HexNAc)-GalNAc B
&
*
30 NeuAc-NeuAc-Gal-(NeuAc)-GalNAc % 1617.8 1.3% 1.2%
L 2
L B8 |
31 NeuAc-Gal-(NeuAc-Gal-GlcNAc)-GalNAc o 1705.9 0.2% 0.2%
32 NeuAc-Gal-GlcNAc-(Gal-Fuc-GlcNAc)-Man AP
eom
and 17229 0.3% 0.3%
.
33 NeuAc-Gal-Gal-(Gal-Fuc-GlcNAc)GalNAc & A
34 NeuAc-Gal-GlcNAc-(NeuAc-Gal-GlcNAc)-Man :g:} 1910.0 0.7% 0.6%
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CHAPTER 4

CONCLUSIONS

Next to the identification of proteins, studies implementing glycoproteomic techniques to focus
on the analysis of post-translational modifications (PTMs) are becoming increasingly popular. Through
the use of advanced mass spectrometry approaches we investigated the glycosylation of a-DG purified
from rabbit skeletal muscle. Previous studies had reported a-DG to be modified by both O-GalNAc and
O-mannose initiated glycan structures, the latter of which is rarely observed on mammalian proteins.
Following chemical release, 4 O-mannose and 17 O-GalNAc initiated glycan structures from a-DG were
identified using tandem mass spectrometry. Additionally, we developed a pseudo-neutral loss-triggered
MS® method for the analysis of glycopeptides from o-DG to facilitate mapping sites of PTMs. By
combining data from our analysis of released glycans and glycopeptides from o-DG we were able to
identify 21 sites of modification.

Furthermore, we performed complete glycomic analysis of O-glycans released from mouse
models of CMD. From our analysis we were able to characterize 9 O-mannose and 25 O-GalNAc
initiated glycan structures from the mouse brain proteins of POMGnNT1 -/-, LARGE -/-, and a-DG -/- and
their equivalent wild type brains. From this study we were able to conclude that POMGnNT1 is essential
for the extension of O-mannose with a $-1,2 linked GIcNAc. Also through our analysis of O-glycans
released from both LARGE +/+ and -/-, we observed 7 O-mannose structures and 22 O-GalNAc
structures in addition to O-glycan structures previously observed from normal and Large™" mouse brains.
From our analysis of O-glycan structures in the a-DG -/- brain, we were able to provide evidence for the
presence of O-mannosyl glycans, confirming previously stated hypotheses that there are additional O-

mannosylated proteins besides a-DG in mammalian systems.
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Future experiments will implement similar glycoproteomic workflows discussed here allowing
for the identification of additional O-mannosylated proteins from the mammalian brain using
chemoenzymatic strategies. Following identification of O-mannosylated proteins, pseudo-neutral loss-
triggered MS® method will be applied mapping modification sites. Additional experiments will need to be
completed to expand upon collaborative work with Kevin Campbell’s group at the University of lowa.
By continuing this collaboration attempts would be made to map any additional sites modified by the
phosphorylated O-mannosyl glycan structure, identify the LARGE dependent modification, as well as
determine the enzymes involved in the synthesis of this novel glycan structure. Work will also focus on
the biological implications of O-glycan structures on that modify a-DG, and the overall effect that site

occupancy of various glycans has on the post-translational processing of this protein.
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APPENDIX A
O-MANNOSYL PHOSPHORYLATION OF ALPHA-DYSTROGLYCAN IS REQUIRED FOR

LAMININ BINDING

CONTRIBUTION: Using MS® data dependent neutral loss methodologies | was able to map the
attachment site of a novel phosphorylated O-mannosyl glycan structure on a-DG.

Yoshida-Moriguchi T, Yu L, Hammond S, Davis S, Kunz S, Madson M, Oldstone MBA, Schachter H,
Wells L, Campbell KP. 2010. Science. 327:88-92.
Reprinted here with permission of publisher.
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ABSTRACT

Alpha-dystroglycan (a-DG) is a cell-surface glycoprotein that acts as a receptor for both
extracellular matrix proteins containing laminin-G domains and certain arenaviruses. Receptor binding is
thought to be mediated by a posttranslational modification, and defective binding with laminin underlies a
subclass of congenital muscular dystrophy. Using mass spectrometry— and nuclear magnetic resonance
(NMR)-based structural analyses, we identified a phosphorylated O-mannosyl glycan on the mucin-like
domain of recombinant a-DG, which was required for laminin binding. We demonstrated that patients
with muscle-eye-brain disease and Fukuyama congenital muscular dystrophy, as well as mice with
myodystrophy, commonly have defects in a postphosphoryl modification of this phosphorylated O-linked
mannose, and that this modification is mediated by the like-acetylglucosaminyltransferase (LARGE)
protein. These findings expand our understanding of the mechanisms that underlie congenital muscular

dystrophy.
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Diverse posttranslational modifications influence the structure and function of many proteins.
Dystroglycan (DG) is a membrane protein that requires extensive posttranslational processing in order to
function as an extracellularmatrix receptor. It is composed of an extracellular a-DG subunit and a
transmembrane a—-DG subunit’. a-DG serves as a receptor for extracellular matrix laminin G domain—
containing ligands such as laminin® and agrin? in both muscle and brain, and these interactions depend on
an unidentified posttranslational a-DG modification. a-DG is also the cellular receptor for lymphocytic
choriomeningitis virus (LCMV), Lassa fever virus (LFV), and clade C New World arenaviruses® *.
Although the binding sites for LCMV and LFV on a-DG have not yet been identified, they are thought to
overlap with the modification recognized by laminin®®.

Glycosyltransferase-mediated glycosylation is one type of posttranslational modification with two
main forms in mammals: N- and O-glycosylation, which are distinguished by how the oligosaccharide
moiety links to the amino acid. Mutations in six known or putative glycosyltransferase genes—protein O-
mannosyl transferase 1 (POMTL)’, POMT2?, protein O-mannose beta-1,2-N-
acetylglucosaminyltransferase 1 (POMGNT1)?, fukutin®®, fukutin-related protein (FKRP)', and LARGE"
—have been identified in patients with congenital muscular dystrophy (CMD). These disorders affect the
brain, eye, and skeletal muscle to different extents, the most severe being Walker-Warburg syndrome
[WWS; Online Mendelian Inheritance in Man (OMIM) identification number (ID) 236670], with less
severe phenotypes seen in muscle-eye-brain disease (MEB; OMIM ID 253280) and Fukuyama CMD
(FCMD; OMIM ID 253800). In these diseases, the ability of a-DG to bind laminin is markedly reduced®,
suggesting that these (putative) glycosyltransferases participate in the posttranslational modification that
enables a-DG to bind laminin. Whereas the molecular functions of LARGE, fukutin, and FKRP remain
unclear, POMT1 and -2** and POMGNT1® are known to catalyze two steps in the biosynthesis of an O-
mannosyl tetrasaccharide (NeuNAc-a-2,3-Gal-$-1,4-GIcNAc-B-1,2-Man) that is found in high abundance

15, 16
G .

on both brain and muscle a-D However, this glycan itself is probably not the laminin binding

moiety, because glycosidase-mediated removal of the glycan does not reduce a-DG binding to laminin®’.
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To determine which posttranslational modification is necessary for the a-DG /laminin interaction,
we processed wheat germ agglutin enriched proteins (glycoproteins) from C57BL/6J (wild-type, WT)
muscle using various enzymatic and chemical treatments. Treatment with cold aqueous hydrofluoric acid
(HFaq), which specifically cleaves phosphoester linkages®®, resulted in the reduction of the a-DG relative
molecular mass (Mr) from 150 to 70 kD, the loss of IIH6 immunoreactivity and laminin binding (Fig. A-
1a), and the loss of binding to LFV and LCMV (Fig. A-1b). Because the Mr of N-glycosylated f-DG did
not change (Fig. A-1a), these effects were not caused by the degradation of either peptide or glycosyl
linkages. A quantitative solid-phase assay revealed a 97% reduction in total high affinity binding to
laminin (Fig. A-1c). HFaq treatment also abolished the laminin-receptor activity of a-DG in the heart,
brain, and kidney. We next tested whether N-glycan and/or the two O-glycans known to modify the
laminin-binding form of a-DG —Corel O-glycan and the O-mannosyl tetrasaccharide (in either the

sialylated or fucosylated form)™ *°

—are sensitive to HFaqg treatment. Immunoblotting of WT muscle
glycoproteins treated with several cocktails of glycosidases that degrade these three glycans showed that
the glycosidase-mediated reduction in a-DG glycosylation was impervious to HFaq treatment (Fig. A-1d).
A similar experiment using muscle glycoproteins from the CMD-model mouse LARGE™", in which a
mutation in LARGE prevents the a-DG modification necessary for laminin-binding®, revealed that HFaq
treatment did not significantly reduce the Mr of a-DG (Fig. A-1d). Thus, HFaq specifically degrades the
laminin-binding moiety on a-DG. Further, functional modification of a-DG appeared to involve an
internal phosphoryl linkage rather than a monoester-linked phosphate, because digesting WT muscle
glycoproteins with alkaline phosphatase did not reduce the laminin binding ability.

To verify that a-DG is phosphorylated, we labeled human embryonic kidney (HEK293) cells
expressing Fc-tagged o-DG recombinants (Fig. A-2a) that are secreted into the medium with [32P]-
orthophosphate. Phosphor imaging showed that secreted DGFc4, which contains only the mucin-like
region of a-DG®, was phosphorylated (Fig. A-2b). Hydrolysis of [32P]-DGFc4 under conditions that are

conducive to the dissolution of polypeptide and phosphoester linkages to carbohydrates, but not to

linkages to amino acids®, generated inorganic phosphate but not phospho—amino acids, suggesting that
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phosphorylation does not occur directly on the peptide. To test whether the phosphorylation depends on
glycosylation, we expressed DGFc5 in [32P]-orthophosphate-labeled human cells derived from POMT1-
mutated WWS, POMGnT1-mutated MEB, fukutin-mutated FCMD, and control cells, as well as in
fibroblasts from Large™ and WT mice (Fig. A-2c). All except the POMT1-mutated WWS cells secreted
[32P]-phosphorylated DGFc5 into the medium, strongly suggesting that phosphorylation occurs on the O-
linked mannose of a-DG. By measuring inorganic phosphate after acid hydrolysis, we confirmed that
native a-DG purified from rabbit skeletal muscle is phosphorylated at 4.7 mol of phosphate per mole of
protein (SD =0.22, n = 3 trials).

To assess whether CMD cells that synthesize phosphorylated a-DG can further modify the
phosphate residue, we immunoprecipitated glycoproteins from mouse Large™? and WT muscle, as well
as from human POMGnNT1-mutated MEB, fukutin-mutated FCMD, and control muscle, by using
immobilized metal affinity chromatography (IMAC) beads that bind to monoester-linked, but not diester-

4 muscle a-DG were

linked, phosphorylated compounds. Only fukutin-mutated FCMD and Large™
captured by the beads, revealing that the phosphate residue does not undergo further modification in these
CMD cells (Fig. A-2d). This finding suggests that fukutin and LARGE participate in a common pathway
to assemble the laminin-binding moiety onto the phosphorylated O-linked mannose. This speculation is

compatible with the fact that o-DG prepared from Large™"

muscle that was rescued by adenovirus-
mediated expression of LARGE regains laminin-receptor activity and concomitantly loses its affinity for
IMAC beads. In the case of POMGnT1-mutated MEB patient muscle, several forms of a-DG were
observed; the majority of these were captured by the beads, although a certain amount of a-DG with
laminin-binding activity was detected in the void fraction (Fig. A-2d). This finding suggests that a defect
in POMGnNT1 partially inhibits modification on the phosphoryl branch chain of the O-mannosyl glycan on
a-DG.

DGFc4 that was produced by HEK293 cells bound to IMAC beads and gained laminin-binding

activity when it was coexpressed with LARGE; such a gain in activity has also been observed in FCMD,

MEB, and Largemyd cells, both in this study and elsewhere’?. To determine the structure of the
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phosphorylated O-mannosyl glycan that was necessary to assemble the laminin-binding moiety, we
prepared O-glycans from HEK?293-expressed DGFc4 by reductive f elimination, and we isolated the
phosphorylated O-glycan using IMAC beads. Linear trap quadrupole (LTQ) mass spectrometry—based
analyses detected prominent ions at mass-to-charge ratios m/z = 667 ([M-H]") and m/z = 333 ([M-2H]*)
that are assigned as a phosphorylated trisaccharide composed of HexNAc,Hexitol;, and analysis by high
performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD)
revealed the compositional sugars to be GIcNAc, GalNAc, and mannitol. Homo- and heteronuclear NMR
techniques were used to assign the **C/*H heteronuclear multiple quantum coherence (HMQC) spectrum
of the reduced O-glycan (Fig. A-3A). The GIcNAc (subunit B) was assigned using double quantum-
filtered correlation spectroscopy (DQF-COSY) and total correlation spectroscopy (TOCSY) spectra with
a series of mixing times. The GalNAc (subunit C) was partially assigned based on a selective
TOCSYHSQC spectrum (Fig. A-3b). The GalNAc (subunit C) is linked via a p1-3 linkage to the C3
position on GIcNAc (subunit B), which is in turn connected via a f1-4 linkage to the C4 position on
mannitol (subunit A), as evidenced by the observed heteronuclear multiple-bond correlation (HMBC)
cross peaks CH1/BC3 and BH1/AC4 (Fig. A-3c). The phosphate group is attached to the C6 position of
the mannitol (subunit A) as determined from the cross peaks *:P/AH6’ and *'P/A6H" detected in the
$1p/"H COSY spectrum (Fig. A-3d). The complete NMR resonance assignments of the reduced O-glycan
and its inter-residue correlations detected in the nuclear Overhauser effect spectroscopy (NOESY) and
HMBC spectra are summarized (data not shown), and the determined structure is shown in Fig. A-3e. To
verify that this phosphorylated trisaccharide modifies the mucin-like domain of DGFc4, we enriched the
trypsinized peptides using Wisteria floribunda agglutinin-lectin and analyzed the GalNAc-terminated
peptides by liquid chromatography—mass spectrometry (LC-MS)/MS. MS/MS fragmentation patterns at
m/z = 1318.63 (Fig. A-4a), 1420.17 (fig. A-S2), and 1501.19 (fig. A-S3) identified a peptide (amino acids
374 to 389 of a-DG; GenBank ID CAA45732) bearing these modifications: the phosphorylated
trisaccharide in conjunction with Hex-HexNAc-Hex, HexNAc- Hex, or Hex. The presence of

379

nonphosphorylated mannose-initiated structures on y3, y4, and y10 ions revealed that Thr*” is modified
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by the phosphorylated trisaccharide in all cases (Fig. A-4, a and b, and figs. A-S2 and A-S3). Additional
studies showed that o-DG is phosphorylated within the Golgi complex and that this phosphorylation
occurs independently from the mannose-6-phosphate synthetic pathway that is required for lysosomal
protein modification?; fibroblasts derived from patients with mucolipidosis 11 (OMIMID 252500), which
have a defect in GIcNAc-1-phosphotransferase, can synthesize the laminin-binding form of a-DG (Fig.
A-4c).

We demonstrated that MEB, FCMD, and Largemyd cells, which have genetically distinct
abnormalities, show a similar defect in postphosphoryl modification on the O-mannosyl glycan. These
convergent mechanisms to pathology offer an explanation for previous reports that forced expression of
LARGE can circumvent defects in a-DG modification in these CMD cells?. We speculate that LARGE, a
putative  glycosyltransferase ~ with  catalytic ~domains sharing homology with  p-1,3-N-
acetylglucosaminyltransferase and bacterial glycosyltransferase’® participates in postphosphoryl
glycosylation, because the forced expression increases the affinity of the cell surface for both the IIH6
antibody and the Vicia villosa lectin. To our knowledge, we provide the first evidence that a vertebrate
non— glycosylphosphatidylinositol- anchored glycoprotein is modified by a phosphodiester linkage.
Glycoproteins in the cell walls of yeasts and fungi bear phosphodiester-linked glycans that are generated
by a process involving phosphorylation on the C6 hydroxyl of mannose?”. a-DG, which is well conserved
as an epithelial cell-surface protein in species ranging from lower vertebrates to mammals, is likewise
modified by this ancient type of glycosylation. A recent study has shown that the most severe form of
CMD—WWS—is a genetically heterogeneous disease. Moreover, only 40% of WWS cases are explained
by mutations in known CMD-causative genes®. Thus, a defect in the phosphorylation of an O-linked
mannose may be responsible for severe CMD, indicating that the discovery of mutations in new genes

responsible for WWS may not be far off.
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Figure. A-1. Chemical dephosphorylation by HFaq treatment abolishes laminin and
virus binding to a.-DG in tissues from WT mice.

(a and b) Treated glycoproteins prepared from WT muscle were subjected to the following:
(a) immunoblotting with antibodies against the a-DG core protein (CORE) or the laminin-
binding form a-DG epitope (IIH6) and -DG, or to laminin overlay assay; (b) virus overlay
assays with y-inactivated LFV or LCMV cl-13. (¢c) WT muscle glycoproteins with and without
HFaqg treatment were subjected to a solid-phase laminin-binding assay (n = 3). Open circles,
treated; solid circles, untreated. Error bars indicate SD. (d) Muscle glycoproteins from WT
and Large™* (Myd) mice were digested with cocktails of glycosidases that degrade sialylated
and/or fucosylated N-glycan, Core 1 O-glycan, and O-mannosyl glycan, before (first four
lanes) and after (last four lanes) HFaqg treatment. The products were subjected to either
immunoblotting with CORE antibody or laminin overlay assay.
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Figure A-2. The mucin-like domain of a-DG is phosphorylated in an O-mannosylation—
dependent manner.

(a) Structures of recombinant o-DG constructs used in the study. (b and c) [**P]-
orthophosphate labeling of (b) Fc-Ctrl- or DGFc4- expressing HEK293 cells and (c) DGFc5-
expressing cultured cells from CMD patients (WWS, MEB, or FCMD) and control humans,
and from WT and Large™" (Myd) mice. Fc-tagged recombinant a-DG was isolated from the
culture medium with protein-A agarose, separated by SDS-polyacrylamide gel
electrophoresis, stained with Coomassie brilliant blue (CBB), and analyzed by
phosphorimaging ([**P]). Phosphorylation of a-DG required prior O-mannosylation. Asterisks
indicate contaminating proteins derived from fetal bovine serum. (d) IMAC-binding assay
testing glycoproteins from WT and Large™° mice, and from FCMD, MEB, and control human
muscle (SkM).
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Figure A-3. NMR analysis of phosphorylated O-glycan on HEK293-produced DGFc4.

(2) HMQC spectrum where the assigned cross peaks are labeled with a letter for the subunit
designated in (¢) and a number for the position on that subunit. The folded cross peaks are
indicated in blue, and the cross peaks derived from sample impurities are marked by asterisks.
(b) TOCSY-HSQC spectrum obtained using a selective excitation pulse at the subunit CH1
proton and a selective TOCSY mixing time of 113 ms. (c) HMBC (red) and HMQC (black
and blue) spectra for the assignment of interglycoside linkages. (d) *'P/*H COSY spectrum.
(e) Structure of the O-glycan, with the sugar subunits labeled A to C. ppm, parts per million.
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Figure A-4. Mapping of phosphorylated trisaccharide on HEK293-produced DGFc4 and
characterization of mannosyl phosphorylation.

(@) Collision-induced dissociation (CID)-MS/MS spectra from 780 to 1320 m/z (upper panel)
and 375 to 2000 m/z (lower panel), revealing a neutral loss pattern (upper panel) and peptide-
derived b and y ions (lower panel) of the selected precursor ions at m/z = 1318.63. The full
Fourier transform mass spectrum is shown in fig. S8. Squares, HexNAc; circles, hexose. (b)
Peptide and monosaccharide unit identification based on fragmentation of the phosphorylated
glycopeptide. (c) Glycoproteins prepared from cell lysates of fibroblasts derived from
mucolipidosis Il patients were subjected to immunoblotting with CORE antibody and laminin
overlay assay.
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Figure A-S1. The full FT mass spectrum of the peptide (m/z 1318.624) modified

by the phosphorylated trisaccharide.
The full mass spectrum yielded a mass accuracy of 1.4 ppm for the precursor ions at m/z
1318.624. The CID-MS/MS spectrum is shown in Figure A-4.
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Figure A-S2. Mass analysis of the peptide modified by phosphorylated trisaccharide (m/z
1420.166).

(a) The full FT mass spectrum of the peptide containing the phosphorylated trisaccharide. The
full mass spectrum yielded a mass accuracy of 4.4 ppm for the precursor ion at m/z 1420.166.
(b) The CID-MS/MS spectra from 780-1320 m/z (upper panel) and 375-2000 m/z (lower
panel) show the neutral loss pattern (upper panel) and the peptide-derived b and y ions (lower
panel) of the selected precursor ions at m/z 1420.17. Square: HexNAc; circle: Hexose. (c) The
fragmentation of the phosphorylated glycopeptides allowed for identification of the peptide
and mononsaccharide units as illustrated. The observation of ions corresponding to the non-
phosphorylated hexoses on Thrsg; and Thragg revealed that Thrs,g was modified by the
phosphorylated trisaccharide and that Thrsg; and Thrsgg were occupied by a combination of
HexNAc-Hex and Hex in this peptide.
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Figure A-S3. Mass analysis of the peptide modified by phosphorylated trisaccharide (m/z
1501.192).

(a) The full FT mass spectrum of the peptide containing the phosphorylated trisaccharide. The
full mass spectrum yielded a mass accuracy of 4.5 ppm for the precursor ions at m/z 1501.192.
(b) The CID-MS/MS spectra from 780-1320 m/z (upper panel) and 375-2000 m/z (lower
panel) show the neutral loss pattern (upper panel) and the peptide-derived b and y ions (lower
panel) of the selected precursor ions at m/z 1501.19. Square: HexNAc; circle: Hexose. (c) The
fragmentation of the phosphorylated glycopeptide allowed for identification of the peptide and
mononsaccharide units as illustrated. The observation of ions corresponding to the non-
phosphorylated hexoses on Thrsg; and Thragg revealed that Thrs,g was modified by the
phosphorylated trisaccharide and that Thrsg; and Thrsgg were occupied by a combination of
Hex-HexNAc-Hex and Hex in this peptide. The Hex-HexNAc-Hex is likely to be Gal-B-1,4-
GIcNAc-B-1,2-Man, which was previously shown to modify native and recombinant a-DG in
brain. muscle and HEK293 cells.
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APPENDIX B
DROSOPHILA DYSTROGLYCAN IS A TARGET OF O-MANNOSYLTRANSFERASE ACTIVITY

OF TWO PROTEIN O-MANNOSYLTRANSFERASES, ROTATED ABDOMEN AND TWISTED

CONTRIBUTION: Used MS® methodologies to identify glycopeptides and map sites of post-translational
modification on DG.

Nakamura N, Hammond S, Lyalin D, Lavrova O, Wells L, Panin VM
2010. Glycobiology. 20(3): 381-394.
Reprinted here with permission of publisher.
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ABSTRACT

Recent studies highlighted an emerging possibility of using Drosophila as a model system for
investigating the mechanisms of human congenital muscular dystrophies, called dystroglycanopathies,
resulting from the abnormal glycosylation of a-dystroglycan. Several of these diseases are associated with
defects in O-mannosylation, one of the most prominent types of a-dystroglycan glycosylation mediated
by two protein O-mannosyltransferases. Drosophila appears to possess homologs of all essential
components of the mammalian dystroglycan-mediated pathway; however, the glycosylation of
Drosophila Dystroglycan (DG) has not yet been explored. In this study, we characterized the
glycosylation of Drosophila DG using a combination of glycosidase treatments, lectin blots, trypsin
digestion, and mass spectrometry analyses. Our results demonstrated that DG extracellular domain is O-
mannosylated in vivo. We found that the concurrent in vivo activity of the two Drosophila protein O-
mannosyltransferases, Rotated Abdomen and Twisted, is required for O-mannosylation of DG. While our
experiments unambiguously determined some O-mannose sites far outside of the mucin-type domain of
DG, they also provided evidence that DG bears a significant amount of O-mannosylation within its
central region including the mucin-type domain, and that O-mannose can compete with O-GalNAc
glycosylation of DG. We found that Rotated Abdomen and Twisted could potentiate in vivo the
dominant-negative effect of DG extracellular domain expression on crossvein development, which
suggests that O-mannosylation can modulate the ligand-binding activity of DG. Taken together these
results demonstrated that O-mannosylation of Dystroglycan is an evolutionarily ancient mechanism
conserved between Drosophila and humans, suggesting that Drosophila can be a suitable model system
for studying molecular and genetic mechanisms underlying human dystroglycanopathies.

INTRODUCTION

Dystroglycan, a highly glycosylated protein of mammalian muscle cells, is a central component
of the dystrophin—glycoprotein complex (DGC) that provides structural stability to the sarcolemma during
muscle contraction. Mammalian dystroglycan undergoes posttranslational cleavage into separate a- and -

subunits®. Proper glycosylation of a-dystroglycan (a-DG) has been proven to be essential for interaction
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with the extracellular matrix (ECM) ligands, such as laminin, agrin, and perlecan, thus providing
functionality for the DGC at the sarcolemma. a-DG has a complex pattern of abundant glycosylation,
including the presence of both N- and O-linked glycans. While not all structures of these glycans have
been fully characterized, the O-glycans are reported to be initiated by O-GalNAc and O-mannose, the
latter of which is rarely observed on other mammalian proteins’®. The presence of the O-mannose-linked
glycans is thought to be particularly important for ligand binding activity of a-DG" *. Several human
congenital muscular dystrophies (CMDs) were found to be caused by genetic defects in
glycosyltransferases involved in the biosynthesis of the O-mannose-linked carbohydrates. These CMDs
are associated with hypoglycosylation of a-DG and classified as dystroglycanopathies; they include
Walker-Warburg syndrome (WWS), which is caused by mutations in protein O-mannosyltransferase
genes, POMT1 and POMT?2, responsible for the addition of O-mannose onto the protein backbone, and
muscle-eye-brain disease (MEB) which results from defects in POMGnNT1, the glycosyltransferase that
elongates O-linked mannose with GIcNAc®’. Although substantial progress has been made in
understanding the molecular and genetic bases of O-mannosylation of a-DG* ° (reviewed in" %), the
complexity of mammalian glycosylation pathways along with limitations of genetic approaches indicate
that a suitable experimentally amenable model system would be a useful tool for studying biological
mechanisms of O-mannosylation and its involvement in human pathologies. Several recent studies have
hinted at Drosophila as a potential model organism for such studies.

Drosophila genome encodes two protein O-mannosyltransferases, Rotated Abdomen (RT) and
Twisted (TW) (aka DmPOMT1 and DmPOMT2, respectively), along with counterparts of all essential
components of the mammalian DGC, including Dystroglycan. However, in Drosophila, unlike in
mammals, DG appears not to be cleaved into o- and p-subunits upon maturation', while alternative
splicing is predicted to produce three different DG isoforms, DG-A, -B, and -C'. Out of these three
isoforms, only DG-C includes a predicted mucin-type domain with the potential for extensive O-

11, 12

glycosylation, sharing this feature with mammalian a-DG (Figure B-1a,~~ ). Drosophila Dg is required

for apicobasal polarity in epithelial cells and antero-posterior polarity in the oocyte, while the
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downregulation of Dg expression in larvae and adult flies causes neuromuscular junction synaptic defects,
muscle defects and degeneration'*®. The similarity of defects caused by Dystroglycan abnormalities in
Drosophila and mammals has led to the hypothesis that DG functions are evolutionary conserved
between Drosophila and humans™ ***’. Potential O-mannosylation of Drosophila DG and its putative
role in DG regulation were discussed in several studies. Similar to their mammalian counterparts, RT and

TW proteins appear to function as a heterocomplex'® *°

, and they can also add O-mannose to a fragment
of mammalian a-DG in vitro'®. Mutations in rt and tw were found to cause defects in larval NMJ similar
to the defects found in Dg mutants, and these genes showed genetic interactions™ *°. Moreover, Western
blot detection revealed the absence of a high-molecular-mass band of DG in rt mutants, which was
interpreted as an evidence of the involvement of RT in DG glycosylation®. However, the glycosylation of
Drosophila DG has not been examined, and the presence of O-mannose modifications on the DG protein
remains obscure. In this work, we analyzed the glycosylation of Drosophila DG using both in vivo and in
vitro approaches. We found that the DG protein is a target of O-mannosyltransferase activity and that
both RT and TW are simultaneously required for the modification of DG with O-linked mannose in vivo.
Our results demonstrate that O-mannosylation of DG is an evolutionarily conserved mechanism and
suggest that it plays an important role in the regulation of DG function in Drosophila. These data also
indicate that Drosophila can be used as a model organism to study molecular and genetic mechanisms of
CMDs.
RESULTS

Drosophila DG is a substrate for protein O-mannosylation activity of RT and TW in vitro

We tested if Drosophila DG can be used as a substrate for O-mannosylation by RT and TW in
vitro. Previous experiments revealed that the mucin-type domain of mammalian a-DG is a target of O-
mannose modification®® ?*. Thus, we focused our analysis on Drosophila DG-C isoform that, similarly to
its mammalian counterpart, also includes a mucin-type domain, a potential target of O-mannosylation. A
region of mucin-type domain of the DG-C isoform (Figure B-1a) was expressed in Escherichia coli,

purified and tested as a substrate in an in vitro O-mannosylation assay using microsomal membrane
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fraction prepared from Drosophila larvae as a source of RT-TW activity (see Material and methods). We
also tested a corresponding fragment of DG-A extracellular domain that spans the predicted region of
mucin-type O-glycosylation (Figure B-1a). As a positive control, we used the region of mucin-type
domain of rabbit o-DG that was previously shown to be a substrate for RT-TW in vitro'®. Our results
indicated that, similarly to mammalian a-DG, DG-C could serve as a substrate for in vitro O-
mannosylation, with the DG-C fragment being apparently a better substrate for RT-TW activity in vitro
than the region of mucin-type domain of rabbit a-DG. Incorporation of mannose into DG-A was not
significantly above the background (Figure B-1b).
Extracellular domain of DG is properly folded and trafficked in Drosophila cells with or without RT-TW
activity

We expressed the entire extracellular part of DG-C tagged with 3xFLAG epitope (designated
below as EXDG) as a transgenic construct in Drosophila. To confirm that ExDG is properly folded and
trafficked in Drosophila cells, we verified by Western blot that the EXDG protein was efficiently secreted
in a diffusible form into cell medium when expressed in Drosophila S2 cultured cells (Figure B-2a).
Next, we expressed EXDG in vivo within wing imaginal disk epithelium using a UAS-GAL4 expression
system. We tested three different genetic backgrounds: rt mutant, wildtype, and rt-tw coexpression. The
immunofluorescent detection of in vivo expressed EXDG revealed that it was similarly delivered to the
cell surface and no difference in subcellular localization of ExDG could be detected between these
backgrounds (Figure B-2b). Thus, we concluded that the trafficking and subcellular localization of ExXDG
was not affected by RT-TW activity in vivo.
The concurrent in vivo activity of RT and TW is necessary and sufficient to generate the high-molecular-
mass form of DG

The ExXDG protein was expressed in Drosophila with different genetic backgrounds
corresponding to varied levels of RT and TW, and then it was analyzed by Western blotting using an anti-
FLAG antibody. We found a drastic difference in the pattern of high-molecular-mass bands of ExDG

expressed in rt and/or tw mutant, wildtype, and RT-TW coexpression backgrounds (Figure B-3a and b).
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In wild-type flies, we observed two major bands of estimated sizes of 175 kDa (designated as S (small)
band) and 215 kDa (designated as L (large) band) present at approximately equal amounts. The L band
was undetectable in rt mutants, tw mutants, as well as in rt and tw doublemutants. We also found that the
relative amount of the L band was significantly increased in flies coexpressing both RT and TW. At the
same time, the overexpression of one of the O-mannosyltransferases, RT or TW, resulted in no significant
increase of the relative amount of the L band, as compared to a wild-type background. These results
indicated that RT and TW are simultaneously required in vivo for producing the high-molecular-mass

form of ExDG.
Interestingly, we did not observe a band corresponding to the ~110 kDa band that was detected

for endogenously expressed DG with antibodies raised against its intracellular part, but not with the

antibody specific for DG-C'* '°, which confirmed previous conclusion that this smaller band represents

only DG-A/B isoforms™.

Glycosidase treatments and lectin blots revealed O-mannosylation of high-molecular-mass form of DG
We analyzed the glycosylation of DG-C isoforms represented by L and S bands using treatments

with specific glycosidases. In agreement with N-linked site prediction for DG-C (Figure B-1a), the

removal of N-linked glycans with PNGaseF resulted in a gel shift of ExXDG, with the shift being similar

for both L and S bands (Figure B-4a). The S band was similarly decreased in size for both rt mutant and
RT-TW coexpression backgrounds. The shift of ExXDG bands after PNGaseF treatment, estimated as ~10

kDa, corresponds to approximately six oligomannose-type N-glycans (typical N-linked structures present

on Drosophila glycoproteins?*%

). This result is consistent with the presence of total eight putative N-
linked sites within the extracellular part of DG-C, with five of them predicted to have a significant
potential for N-glycosylation (Figure B-1a). We also treated purified ExXDG with a-mannosidase that

18, 25 and

cleaves off a-linked mannose residues. This treatment should both remove O-linked mannose
trim oligomannose N-linked glycans down to the 4-B-mannosyl chitobiose (Manpl-4GIcNAcB1-

4GIcNAc. . .) of the core structure. a-Mannosidase treatment alone resulted in a significantly greater shift
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of the L band as compared to the S band, which suggested that the high-molecular-mass form is
extensively modified with O-linked mannose. This conclusion was confirmed by sequential digestion
with PNGaseF and a-mannosidase, which showed an additional decrease in the mass of the L band as
compared to PNGaseF digestion alone. A similar comparison between PNGaseF-treated and double
PNGaseF /a-mannosidase-treated S bands did not reveal a significant difference, thus suggesting that the
S band represents a glycoform without extensive O-mannosylation.

The presence of a-linked mannose on EXDG was examined by concanavalin A (Con A) lectin
blot (Figure B-4b). Con A strongly reacted with the L band, while showing weaker reactivity with the S
band from rt mutant and RT-TW coexpression backgrounds. The ConA reactivity of the S band from rt
mutants was eliminated by PNGaseF treatment, indicating that this reactivity was solely due to mannose
structures of N-linked glycans and providing further evidence that ExXDG was not modified with O-
mannose in rt mutants. At the same time, PNGaseF treatment did not eliminate the reactivity of the L
band, suggesting that O-mannose is present on this glycoform. Interestingly, the S glycoform from RT-
TW coexpression also showed Con A reactivity after PNGaseF treatment, suggesting the presence of
some O-linked mannose on this isoform as well. We also found that double PNGaseF/a-mannosidase-
treated EXDG from RT-TW coexpression retains some residual reactivity for Con A, which suggest the
presence of mannosidase-resistant O-mannose on EXDG (Figure B-4b). This conclusion is consistent with
the fact that O-linked mannose is a relatively poor substrate for a-mannosidase”, while there is also a
possibility that some modification present on O-mannose may inhibit a-mannosidase.

We also examined the glycosylation of EXDG using several other lectins. The presence of O-
linked GalNAc on purified ExXDG was analyzed using Vicia villosa (VVA) lectin (Figure B-5a). Only S
band showed strong VVA staining, while the reactivity of the L band was barely above the background.
Interestingly, the S band from rt mutants had a significantly stronger VVA reactivity than that from RT-
TW coexpression, suggesting more extensive O-GalNAc modification of EXDG in the absence of O-
linked mannose. O-GalNAc can be extended with p1-3 linked galactose, which produces the core 1

21, 26

structure, one of the most abundant O-linked modification in Drosophila . Thus, we tested a
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possibility that O-GalNAc of the L band was masked from VVA recognition because of p1-3 galactose
extension by lectin blot using Peanut agglutinin (PNA) that specifically recognizes this disaccharide.
However, neither L nor S band showed PNA reactivity (data not shown), indicating the absence of core 1
structure on ExDG.

We also performed analysis of ExDG glycosylation by Wisteria floribunda agglutinin (WFA) and
Hippeastrum hybrid lectin (HHL) that recognize terminal GalNAc and mannose residues, respectively. To
exclude possible reactivity with N-linked glycans, purified ExXDG was first treated with PNGaseF in these
experiments. Similar to VVA, WFA strongly recognized the S band from rt mutants, had a weaker
reactivity with the S band from RT-TW coexpression, and could barely detect the L band (Figure B-5b).
On the other hand, HHL staining had a pattern complementary to that of WFA and VVA: HHL strongly
recognized the L band, showed weak reactivity with the S band from RT-TW coexpression, and did not
react at all with the S band from rt mutants (Figure B-5b). Together, these results further supported our
conclusion that EXDG from RT-TW coexpression has O-mannose modification, with the L band
representing more extensively O-mannosylated glycoform and the S band probably including only limited
O-mannose modification. At the same time, the extent of O-linked GalINAc modification appears to be
complementary to that of O-mannosylation, with the S band from rt mutants being most prominently
modified with O-GalNAc, the amount of O-GalNAc being significantly decreased on the S band from
RT-TW coexpression and even further reduced on the L glycoform.

Mass spectrometry of purified extracellular domain of DG identified O-mannose and O-GalNAc
modifications

To further elucidate the glycosylation of ExDG, we performed mass spectrometry analyses of the
L and S bands of EXDG from RT-TW coexpression, and the S band from rt mutants. To this end, samples
of purified and gel-separated L and S bands were subjected to digestion either by trypsin or by a
combination of trypsin and elastase. The peptide coverage was very similar for all three analyzed samples
(see supplementary Table), revealing no difference in polypeptide sequences. The central region of EXDG

including mucin-type domain (a.a. 309-552) was not amenable to the mass spectrometry analysis, which
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was likely because of its resistance to protease digestion due to a peculiar amino acid sequence (including
only 4 trypsin sites) and putative extensive glycosylation. The rest of the protein was almost completely
covered by mass spectrometry analysis. Glycopeptides were analyzed by a combination of BEMAD and a
pseudo-neutral loss method on a linear ion trap (see Material and methods and®’), which allowed us to not
only map the site of modification but also determine the identity of the O-linked glycan structure (Figure
B-6a and b). In total, we identified nine O-linked modifications on the L glycoform, five modifications on
the S glycoform from RT-TW coexpression background, and two O-linked sites on the S glycoform from
rt mutants (Table B-1, Figure B-7, supplementary Figure B-S1). We found that the L and S glycoforms
from RT-TW coexpression have six and three O-mannose sites outside of the mucin region, respectively.
No O-mannose was found on EXDG purified from rt mutants, even though we specifically looked for the
presence of glycopeptides observed in RT-TW coexpression background. Two O-GalNAc sites were
identified on each of the analyzed glycoforms, with some of them overlapping with O-linked mannose
sites on ExDG coexpressed with RT and TW. These results are consistent with our conclusions from
glycosidase treatment and lectin blot analyses about the absence of O-mannose in rt mutants and the
reciprocal distribution of O-GalNAc and O-mannose on the L and S glycoforms. These data also
suggested that the extensive O-mannose modification predicted by glycosidase and lectin analyses is
confined to the central region of EXDG including mucin-type domain.
ExDG modified with O-mannose is resistant to protease digestion

We further characterized properties of purified ExDG from RT-TW coexpression by analyzing its
sensitivity to trypsin. Our mass spectrometry analysis suggested a possibility that the central region of
ExDG may be resistant to proteolytic cleavage because of extensive glycosylation. We tested this
hypothesis by analyzing products of trypsin digestion of denatured PNGaseF treated ExDG. Since it has
been reported that Coomassie and silver staining methods often fail to efficiently detect highly

glycosylated peptides, we used PAS and PAS-silver staining of SDS-PAGE-separated tryptic digestion to

detect glycopeptides® #. A ~120 kDa band was detected on the gel by PAS staining indicating the
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presence of a glycosylated peptide resistant to proteolysis (Figure B-8). We analyzed this glycopeptide by
binding to lectin affinity agarose beads. The glycopeptide was quantitatively bound by Con A beads;
however, it did not bind to WFA or VVA agarose (Figure B-8). This result suggested that the
glycopeptide has significant O-mannose modification, while revealing no evidence for the presence of
GalNAc. O-Mannosylation of this glycopeptides was further corroborated by treatment with o-
mannosidase which resulted in a significant shift of the glycopeptide on the gel (Figure B-8). The
glycopeptide band also became less intensely stained after a-mannosidase treatment, which is consistent
with lower sensitivity of PAS-silver staining for proteins with reduced amount of glycosylation®. Taken
together, these results provided further evidence that EXDG contains a trypsin-resistant region with
extensive O-mannosylation, suggesting that this region corresponds to the central part of ExXDG not
amenable to mass spectrometry analysis and including mucin-type domain.
Function of ExDG is modulated by RT-TW activity in vivo

In order to test the functional influence of O-mannosylation on Drosophila DG, we developed an
in vivo assay for EXDG activity. Intracellular truncation of membrane proteins involved in cell adhesion
or signaling processes is known to often result in dominant-negative forms that could antagonize
functions of their endogenous wild-type forms by participating in nonproductive molecular interactions
with ligands®” *. Since ExDG construct includes only the extracellular domain of DG and thus should be
mostly expressed as a secreted soluble protein (Figure B-2a), we expected that it could function as a
dominant-negative form by outcompeting endogenous DG-ligand interactions on the cell surface. Indeed,

we found that the ubiquitous expression of EXDG in developing wing imaginal disks results in defective
crossveins, causing the loss of crossvein tissue (Figure B-9a), with the phenotype penetrance of ~12%

(Figure B-9b). This phenotype is characteristic for loss-of-function mutations of Dg and detached, the
Drosophila ortholog of vertebrate dystrophin, which indicates the involvement of the DGC in crossvein

development®. Thus, ExDG can function as a dominant-negative form antagonizing endogenous DG

activity. We found that the penetrance of the EXDG phenotype was significantly increased (~2.5 times)
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by coexpression with RT and TW (Figure B-9b), which suggests that the activity of EXDG is potentiated
by O-mannosylation in vivo.
DISCUSSION

Here we demonstrated for the first time, to our knowledge, that Drosophila Dystroglycan is O-
mannosylated and serves as a substrate for two Drosophila protein O-mannosyltransferases, RT and TW,
in vitro and in vivo. Our study was focused on the extracellular part of the DG-C isoform that includes a
mucin-type domain and most closely resembles the structure of mammalian a-DG. For in vivo analyses,
the entire extracellular domain of DG-C, EXDG, was expressed in flies with genetically varied levels of
RT and TW. When characterized by Western blots, a characteristic pattern of two major bands (L and S)
of ExDG was observed for the genetic backgrounds with wild-type or elevated levels of RT and TW,
while only the lower-molecular-mass band (S) was detected when the activity of either rt or tw genes was
compromised, as well as in double rt/tw mutants. These results are consistent with the recently reported
absence of high-molecular-mass band of endogenous DG in rt mutants'®. Most importantly, we found that
the relative amount of the L form was significantly elevated only by a concurrent increase of RT and TW,
while increasing the level of either RT or TW alone had no significant effect on the amount of the L band
(Figure B-3 a and b). Together, these results indicate that RT and TW concurrent activity is required for
generating the high-molecular-mass form of ExDG in vivo, suggesting that RT and TW work as a
heterocomplex in vivo and providing further support for similar conclusions of in vitro'® and genetic®®
experiments. Since the expression of constructs was driven ubiquitously in these experiments, the fact
that the elevated level of either RT or TW alone does not increase the amount of the L glycoform also
suggests that the levels and patterns of endogenous RT and TW expression largely coincide throughout
larval and pupal stages. This conclusion is consistent with in situ hybridization data that revealed the
overlapping expression of rt and tw at embryonic and larval stages (*°; Lavrova and Panin, unpublished
data).

To elucidate the nature of the L and S forms of ExDG, we investigated their glycosylation using a

combination of approaches, including specific glycosidase treatments, lectins, tryptic digestion, and mass
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spectrometry. Treatment with PNGaseF suggested that there is no difference in N-linked glycosylation
between ExDG species represented by L and S bands from rt mutant and RT-TW coexpression
backgrounds, which indicates that RT-TW activity has no effect on N-linked glycosylation of EXDG. At
the same time, a-mannosidase treatments of purified EXDG suggest that the L band represents a
glycoform extensively modified with O-linked mannose, while the S band corresponds to the glycoform
without significant O-mannosylation (Figure B-4). This conclusion is consistent with the fact that a-
mannosidase has similar effect on S bands from rt mutant and RT-TW coexpression backgrounds (Figure
B-3). Further evidence of O-mannosylation of the L glycoform was obtained by lectin blots with
mannose-recognizing lectins, Con A and HHL (Figures B-4b and B-5b). The estimated decrease in the L
glycoform molecular mass upon a-mannosidase digestion of PNGaseF-treated ExDG is >10 kDa (Figure
B-4a), which implies the presence of more than 50 O-mannose residues attached to EXDG. Interestingly,
our mass spectrometry analysis identified only six O-linked mannoses outside of a central ~250 a.a.
region including a mucin-type domain (Table B-1, Figure B-7, supplementary Figure B-S1), suggesting
that this central region of ExDG bearsmost of the predicted O-mannosylation. Mass spectrometry results
also suggested that this region may be resistant to proteases due to its extensive glycosylation. This

possibility was further supported by the analysis of trypsin digestion of ExDG purified from RT-TW
coexpression background that revealed the presence of~120 kDa trypsin-resistant glycopeptide.
Moreover, the specific binding of this glycopeptide to Con A beads suggested that it is O-mannosylated

(Figure B-8). Digestion with a-mannosidase resulted in an estimated ~8 kDa shift of this glycopeptide on

the gel (Figure B-8), which corresponds to he loss of ~44 mannose residues. This result is consistent with

the extensive a-mannosylation of the central region of ExDG suggested by mass spectrometry and
glycosidase analyses of the full-length protein.

Our mass spectrometry analysis revealed a similar peptide coverage for purified L and S bands
from both analyzed genotypes, rt mutant and RT-TW coexpression (supplementary Table B-S1 and

Figure B-1). Notably, the most-N-terminal peptide recovered for all three analyzed bands is the same, and
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it is located only 29 amino acids downstream of the ExXDG N-terminus and two residues downstream of
the predicted cleavage of the signal peptide. Since the integrity of EXDG C-terminus was conferred by

anti-FLAG reactivity and purification, and a hypothetical cleavage of 29 N-terminal amino acids
(corresponding to ~3.5 kDa) could not account for the remaining ~10 kDa mass difference between the L

and S bands after a combined PNGaseF/a-mannosidase treatment, we concluded that this difference
reflects a posttranslational modification of ExDG. At least in part, this difference is explained by the
presence of O-mannose residues resistant to a-mannosidase since the L glycoform retains residual Con A
reactivity after combined PNGaseF/a-mannosidase treatment (Figure B-4). Thus, the L and S bands
indeed most likely represent distinct glycoforms of ExDG that are primarily different in O-
mannosylation, which, however, does not exclude a possible contribution of other types of modifications
triggered or influenced by O-mannosylation.

Staining with VVA lectin that recognizes terminal GalNAc was previously found to correlate

J¥ suggesting that Drosophila DG may

with the level of DG expressed in Drosophila muscles and NM
bear this modification. Thus, besides O-mannose, the L and S glycoforms may be modified with O-linked
GalNAc. Interestingly, we found that the reactivity of ExDG bands to VVA and WFA lectins that
recognize O-linked GalNAc was essentially complementary to that of Con A and HHL that bind O-
mannose, with the S band from rt mutants being most prominently stained with both VVA and WFA, the
S band from RT-TW coexpression showing significantly weaker reactivity, and the L band being barely
detectable with these lectins (Figure B-5a and b). Thus, O-GalNAc appears to be present on EXDG
glycoforms in a reverse proportion to O-mannose. This result is consistent with our finding that two of the
identified O-mannose sites could also be modified by O-linked GalNAc (Table B-1, Figure B-7). Since
RT and TW function in the ER™upstream in the secretory pathway to O-GalNAc-transferases, PGANTS,
that function in the Golgi®, this complementary pattern of glycosylation suggest that O-mannosylation

can compete with O-GalNAc modification of DG. Thus, these data provide further support for our

conclusion that the majority of O-mannosylation occurs within the region of mucin-type domain, where
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O-mannose could directly compete with the bulk of predicted O-GalNAc modification. This possible
competition may underlie a regulatory mechanism that modulates DG function, for instance, via changing
the ligand-binding activity of DG.

Importantly, the mass spectrometry analysis of ExDG purified from RT-TW co-expression
background unequivocally detected O-mannosylation sites outside of the mucin-type region of ExDG
(Table B-I, Figure B-7, supplementary Figure B-S1). To our knowledge, this is the first report of animal
O-mannosylation outside of mucin-type domain. This result has implication for understanding the
substrate specificity of animal protein O-mannosyltransferases. The identified O-mannose sites on
Drosophila DG neither agree with a consensus sequence proposed for mammalian O-mannosylation
based on in vitro assays®’, nor conform to the sequence preferences proposed for in vivo O-mannose
modification of a-DG?. It is worth noting that previous studies were focused on the modification a-DG
mucin domain and used relatively short peptides or fragments of a-DG for assaying the substrate
specificity of O-mannosylation. In our experiments, we analyzed O-mannosylation of a complete
extracellular domain of DG. Thus, the mentioned difference in sequences of identified O-mannose sites
can suggest that the substrate recognition for O-mannosylation in vivo occurs differently in a context of a
full-length protein as opposed to a peptide substrate, which is in general agreement with the previous
conclusion that structural elements distant from modification sites can determine the substrate recognition
for O-mannosylation in vivo. Alternatively, this result can suggest that Drosophila and mammalian O-
mannosylation may be controlled by different structural properties of substrates. Interestingly, three out of
the six identified O-mannose sites are located within the region that is shared by all three Drosophila DG
isoforms produced by alternative splicing (Figures B-1 and B-7), which suggests that all of them, not just
DG-C, may be targeted by O-mannosylation.

Intriguingly, the generation of the L glycoform by RT-TW activity appears to be an “all-or-
nothing” process with the absence of intermediate forms. This intriguing observation suggests a possible
mechanism of O-mannosylation that requires recognition of some determinants that results in quantitative

modification of nearly all available sites. These determinants may belong to DG itself, such as some
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posttranslational modifications, or they may represent certain factors that regulate the function of the RT-
TW complex within the cell. The first scenario includes an interesting possibility that recognition by RT-
TW outside of the mucin domain may serve as a determinant that initiates processive O-mannosylation of
DG within its mucin domain region. This possibility is consistent with the difference in O-mannose sites
outside of the mucin region on the L and S glycoforms from RT-TW coexpression, as well as with the
evidence that a region N-terminal to mucin-type domain plays a role in O-mannosylation initiation of
human o-DG mucin domain®. In any case, these determinants, or factors that influence them, may
provide an additional level of DG regulation and modulate the ratio of S and L glycoforms in a cell-
specific manner. This hypothesis predicts that the glycoform ratio may vary between different cells
independently from the level of RT-TW activity, and this interesting possibility will be addressed in
future experiments.

Protein O-mannosylation in yeast has been implicated in secretory protein sorting, protein

stability, and degradation via ERAD-mediated pathway®*®.

However, in our experiments, the
immunofluorescent detection and optical sectioning did not reveal significant differences in the level of
expression or subcellular localization of EXDG within the wing imaginal disk epithelium in the presence
or absence of RT-TW activity. At the same time, we found that the dominant-negative effect of ExDG on
the crossvein formation is significantly potentiated by RT-TW activity (Figure B-9), which suggests that
the in vivo activity of EXDG is modulated by O-mannosylation and that the outcome of DG function
depends on the balance between the amounts of L and S glycoforms. Thus, we think that O-
mannosylation does not affect the stability or trafficking of Drosophila DG, but rather it changes its
functional properties, e.g. by modifying interactions with extracellular ligands. These results suggest that
O-mannosylation can function as a molecular regulator of the DGC-mediated pathway via changing the
ligand-binding activity of DG.

In conclusion, the present study has unambiguously demonstrated that the extracellular domain of

Drosophila DG-C is a target of O-mannosylation. We found that O-mannosylation is an abundant

modification of EXDG that requires concurrent in vivo activity of two Drosophila protein O-
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mannosyltransferases, RT and TW. A combination of glycosidase treatments, lectin blotting, trypsin
digestion, and mass spectrometry analyses provided strong evidence that the majority of O-mannose is
located within a central 250 a.a. region of the extracellular part of DG that includes a mucin-type domain.
Our experiments revealed that subcellular localization and trafficking of EXDG are not affected by RT
and TW, while ExDG activity can be modulated by RT-TW activity in vivo EXDG, thus suggesting that
O-mannosylation regulates ligand-binding activity of Drosophila DG. These results highlight the
evolutionary conservation of mechanism of O-mannosylation between Drosophila and mammals and
suggest that Drosophila can be a suitable model system to study molecular and genetic mechanisms of
mammalian a-DG O-mannosylation. In addition, our experiments revealed an interplay between two O-
glycosylation pathways that modify DG with O-mannose and O-GalNAc, which suggests that O-mannose
can function as a molecular switch that regulates other types of glycosylation. In addition, we found that
O-mannose sites can be located far outside of the mucin-type domain, which suggests that proteins
without mucin-type domains may also be targets of O-mannosylation in vivo.
MATERIALS AND METHODS

Drosophila strains and cDNA

The following Drosophila mutant alleles and transgenic insertions were obtained from the
Bloomington Drosophila Stock Center, Indiana University: twl, rtp, rt2, Df(1)su(s)83 (tw deficiency),
Dp(1;Y)y2sc (tw duplication), Act5C-GAL4-25, tubPGAL4 (LL7), ptc-GAL4. UAS-rt, and UAS-tw
transgenes were previously described (Lyalin et al. 2006). Drosophila Dg-C cDNA was obtained from
Dr. Ruohola-Baker (University of Washington, Seattle).
Constructs and proteins for in vitro O-mannosylation assays

Templates for engineering expression constructs were plasmids with cDNA sequences of Dg-A
(obtained from DGRC, Indiana University), Dg-C (obtained from Hannele Ruohola-Baker, Seattle), and
rabbit a-Dg (DGFc5, a gift from Michael Oldstone and Stephan Kunz from Scripps Institute, La Jolla,
supported by NIH grant A109484%"). Fragments of Dg- A, Dg-C, and rabbit Dg cDNAs encoding protein

regions with predicted abundant O-glycosylation (amino acids 204-399 for DG-A, 315-592 for DG-C,
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and 314487 for rabbit a-DG) were PCR-amplified and cloned into the pET41a vector (Novagen, EMD
USA, Gibbstown, NJ) between Ncol and Eagl cloning sites and in frame with the N-terminal GST tag.
The GST-fused proteins were expressed and purified from E. coli BL21(DE3) cells according to
manufacturer’s protocol (Novagen). Briefly, the protein expression was induced with 0.4 mMIPTG for 18
h, and then cells were harvested and lysed in the wash buffer (PBS, 0.1% NP-40, 0.1% PMSF) by
sonication. The lysates were precleared by centrifugation and 0.45 um membrane filtering, and incubated
with GST-beads on a nutator at 4°C overnight. Then, beads were extensively washed with the wash buffer
and purified proteins were eluted with 100mMglutathione in 0.5M Tris, pH 8.0. The eluted proteins were
dialyzed against 2 mM EDTA, 0.1% PMSF, 20 mM Tris pH 8.0, concentrated by Millipore centrifugal
filters (15 kDa cut-off), and used as substrates in the in vitro O-mannosylation assay.
In vitro O-mannosylation assays

The assays were performed essentially as described previously'®. Briefly, a reaction mixture (20
pL total volume) contained 20 mM Tris, pH 8.0, 100 nM [*H]- mannosylphosphoryldolicol (ARC, Inc.), 2
mM 2-mercaptoethanol, 10 mM EDTA, 0.5% n-octyl-B-D-thioglucoside, 10 pg GST-tagged acceptor
protein, and 80 pug of microsomal membrane fraction as a source of O-mannosyltransferase activity. The
microsomal membrane fraction was prepared from third instar Drosophila larvae using previously
published protocol™. The concentration of proteins in microsomal fraction was determined by the
Bradford assay. After 1 h incubation at 24°C, mannosyltransferase reactions were stopped by adding 200
pL PBS with 1% Triton X-100, the mixtures were centrifuged at 10,000 x g for 10 min at 4°C, and the
supernatant was bound to pre-washed GST-beads on a nutator. Then, the beads were washed three times
with PBS containing 0.5% Triton X-100, and the incorporation of radioactive mannose was measured in
dpm using a liquid scintillation counter. Background control was determined by a mock assay following
the same protocol but with 10 ug of BSA instead of a real acceptor. The results of the assay were
presented as the ratio of radioactive mannose incorporation for Dystroglycan acceptors to that for BSA as

a control.
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ExDg construct

The ExDg construct was generated by in-frame fusion of cDNA region encoding the first 1048
amino acids of DG-C isoform (the entire predicted extracellular domain of DG-C) with the fragment
encoding the 3xFLAG tag (Sigma) using standard molecular biology techniques. Details on molecular
cloning of ExDg are available on request. The ExDG protein encoded by the construct lacks
transmembrane domain and is predicted to be a secreted protein.
Expression of ExDG in Drosophila S2 cells

S2 tissue culture cells were maintained and transfected as previously described”®. For tissue
culture expression, EXDg was subcloned into the pMK33 vector with metallothionein promoter using
standard molecular biology techniques (details are available upon request). The expression of ExDG was
induced in transiently transfected cells by 0.7 mM CuSO,.
In vivo expression and purification of ExXDG

ExDg was cloned into the pUAST vector for in vivo expression, and transgenic Drosophila strains
were obtained by P-elementmediated germline transformation. In vivo expression of the UAS-ExDg
transgene was induced using the UAS-GAL4 system™. The specificity of ExDG detection by Western
blot was confirmed using ‘negative control’ samples without ExXDG expression. ExXDG was expressed in
vivo in the following genetic backgrounds: rt—, rtP/rt2; tw—, twl/ Df(1)su(s)83 (where Df(1)su(s)83 is a
tw deficiency); rt+tw+, UAS-rt,UAS-tw/Act5C-GAL4; rt+, UAS-rt/Act5C-GAL4; tw+, UAS-tw/Act5C-
GAL4. ExDG protein was purified from pupae with anti-FLAG M2 agarose (Sigma). For each
purification experiment, 15-80 larvae or pupae were collected and lysed in 300 uL—1.5 mL of lysis buffer
(50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 1% Triton X100) including cocktail of protease inhibitors
(Complete, Roche). Following centrifugation at 18,000 x g for 20 min at 4°C, the supernatant was added
to 1040 puL of FLAG agarose beads and incubated for 2 h at 4°C with nutation. The agarose beads were
then washed four times with the lysis buffer. The purified ExDG bound to beads was directly used in later

assays.
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Glycosidase treatments

ExDG protein purified from 3—4 pupae was incubated with 500 units of PNGaseF (NEB) in 5SmM
sodium phosphate buffer (pH 7.5) for 1 h at 37°C (mock control was without PNGaseF). It was later
treated with 0.4 milliunits of a-mannosidase from Jack beans (Sigma) (or without a-mannosidase for
control) in the 50 mM sodium citrate buffer (pH 4.5) for 3 h at 37°C. Reactions were stopped by adding 2
x SDS loading buffer and used in Western or lectin blot analyses.
Western and lectin blot analyses

Analyses were performed according to standard protocols. Briefly, the tissue lysates normalized
by the Bradford method for protein amount, or purified ExDG from pupae, were run on 5% SDS-PAGE
gel and then the separated proteins were transferred onto a nitrocellulose membrane. For Western
blotting, mouse anti-FLAG M2 primary (Sigma) and rabbit anti-mouse HRP-conjugated secondary
(Jackson Laboratories) antibodies were used for detection by chemiluminescence (SuperSignal, Thermo
Scientific). For lectin blots, proteins on the membrane were blocked with 2% BSA (Roche) in TBST
(10mMTris-HCI, pH 8.0, 150mMNaCl, 0.05% Tween 20) and then incubated with biotinylated lectins
(2.5pg/mL of ConA, or 10 pug/mL of VVA, WFA, HHL, and PNA, all from Vector) for 1 h at room
temperature followed by detection with a Vectastain ABC kit (Vector). The specificity of lectin staining
was confirmed by incubation with lectin in the presence of corresponding inhibiting sugars (i.e., 0.2M
GalNAc for VVA and WFA, 0.2M galactose for PNA, 0.2M methyl a-D-mannopyranoside for ConA and
HHL). Blotswere quantified using the ChemiDoc XRS system (Bio-Rad).
In-gel digestion of purified ExXDG

ExDG was purified from ~60 pupae and separated by 5% SDS— PAGE. Protein bands visualized
by Coomassie G250 staining were cut from the gel. In-gel digestion was performed as follows:
Coomassie G250 was removed from the selected bands by repeated swelling and shrinking with 40 mM
ammonium bicarbonate and acetonitrile, respectively. After destaining, the proteins within the gel bands
were reduced by swelling in 40mM ammonium bicarbonate containing 10mM DTT for 1 h at 56°C,

followed by carbamidomethylation with 55mM iodoacetomide (Sigma). Bands were swelled, dehydrated,
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and dried to dryness using SpeedVac. Both sequence grade trypsin (Promega) and elastase (Worthington
Biochemical) were reconstituted using 40mM ammonium bicarbonate. The dried gel pieces were swelled
on ice by adding 5Spug of both trypsin and elastase. After swelling for a period of 45 min on ice, the bands
were then subjected to overnight digestion at 37°C. The resulting glycopeptides were extracted three
times for 15 min using 5% formic acid in 25%, 50%, and 75% acetonitrile. The extracted glycopeptides
were dried down using a SpeedVac. Sequencing of the mucin region of DG proved to be difficult possibly
because of the extensive glycosylation and/or the lack of suitable amino acids preventing enzymatic
cleavage of the protein backbone.
Mass spectrometry analyses: BEMAD

B-Elimination through Michael addition with DTT (BEMAD) was carried out essentially as
described previously”’. Briefly, lyophilized peptides were B-eliminated by resuspending them in 1%
triethylamine and 0.1% sodium hydroxide. The peptides were then subjected to Michael addition with
DTT. The reaction was incubated at 52°C for 2 h. After completion of incubation, the reaction was
quenched with trifluoroacetic acid (final concentration ~1%) and the peptides were dried in a Speed Vac.
BEMAD allowed us to identify sites of glycosylation by detecting a mass increase of 136.2 Daltons due
to DTT addition. However, the identity of the glycan present at those sites could not be distinguished. To
reveal the identity of glycosylation, the BEMAD data were combined with the results of the pseudo-
neutral loss method on a linear ion trap.
Nano-LC-MS®

Extracted ExDG glycopeptides were also analyzed using Nano-LC-MS® on a linear ion trap mass
spectrometer (LTQ; ThermoFisher). The glycopeptides were resuspended in 0.5 pL of solvent B (0.1%
formic acid/80% acetonitrile) and 19.5 pL of solvent A (0.1% formic acid) and loaded on a 75 mm x 8.5
cm C18 reverse phase column (packed in-house, YMC GEL ODSAQ120AS-5) using a nitrogen bomb.
Peptides were eluted using a linear gradient increasing from 5% to 50% B over 85min. Each full MS scan
from 300 to 2000 m/z yielded five MS/MS scans of the top five most intense peaks with a dynamic

exclusion of 2 for 30 s. Data-dependent MS® scans were triggered if a neutral loss was observed equal to
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the singly or doubly charged mass of Hexose, HexNAc, Fucose, or NeuSAc (sialic acid) within the top
three peaks from the MS/MS scan.
Data analysis

The resulting data were searched against a nonredundant Drosophila database (Flybase), as well
as a database only containing the Drosophila melanogaster protein sequences for a-DG (NCBI) added to
the common contaminants database (Thermo Fisher), using the TurboSequest algorithm (Bio-Works 3.3,
Thermo Fisher). For identifying glycopeptides, a mass increase of 162.1, 203.1, and 365.2 Daltons was
allowed on serines and threonines looking for the addition of mannose, GalNAc, and Hex-HexNAc.
Additionally, when searching the peptides that underwent the BEMAD procedure, amass increase of
136.2 Daltons on both serines and threonines was allowed dynamically. All peptides indicating a
posttranslational modification were confirmed through manual inspection after automatically deleting all
peptides matching back to a-DG with Sf and P scores below 0.3 and 20.
Analysis of trypsin-resistant glycopeptides of ExXDG

ExDG purified from ~80 Drosophila pupae was treated with 1000 units of PNGaseF as described
above. After incubation in 4 mM DTT /6.4 M urea at ~100°C for 20 min, denatured ExDG was incubated
with 0.5 pg of trypsin (TPCK treated, Sigma) in 0.9M urea 43mM Tris, pH 8.0, overnight. Trypsin was
inactivated by boiling and the sample was dialyzed against 37.5mM NaCl 12.5mM Tris-HCI, pH 7.4, for
binding to lectin affinity beads, or against 10mM sodium citrate, pH 4.5, for a-mannosidase treatment
(see below). The dialyzed ExDG peptides were incubated with ConA, WFA, and VVA agarose beads
(Vector) in 50mM Tris-HCI, pH 7.4, 150mM NaCl, 0.1mM CaCl2, 0.01lmM MnCI2, and 0.05% Tween-
20 for 2 h at room temperature. The beads were washed 3 times with the incubation buffer, and the bound
fraction was analyzed by SDS— PAGE and PAS-silver staining. Treatment with a-mannosidase was
performed in 45mM sodium citrate, pH 4.5, at 37°C overnight using 2.2 pg (0.05 milliunits) of a-
mannosidase from jack beans (Sigma). In the control experiment, ExXDG peptides were incubated using
this protocol with the same amount of heat-inactivated a-mannosidase. The samples were analyzed by

SDS—-PAGE and PAS/PAS-silver staining.
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PAS and PAS-silver staining

PAS (periodic acid-Schiff) and PAS-silver staining was performed essentially as described before
with some modifications?®® #. Briefly, for PAS staining, gels were incubated in 1% periodic acid for 15
min at 4°C following rinse with 7.5% acetic acid for 5 min. After six washes with H,O (5 min each), gels
were incubated in Schiff reagent for 15 min at 4°C and then washed with 0.5% sodium metabisulfite three
times for 10 min followed by extensive washes with H,O. For PAS-silver staining, gels were PAS-stained
and then incubated in 0.2% AgNO3/0.03% formaldehyde for 15 min. The staining was developed in 2.3%
Na2C03/0.01% formaldehyde/0.001% sodium thiosulfate for 5-10 min, and the development of staining
was stopped by of 2.5% acetic acid.
Immunostaining and microscopy

Expression of the pUAST-ExDg construct was induced in wing imaginal disks using the ptc-
GAL4 driver. Third instar imaginal disks were dissected, fixed, and stained as described previously®. The
following antibodies and corresponding dilutions were used for immunostaining: primary mouse anti-
FLAG (1:2,000) (Sigma) and secondary donkey anti-mouse Cy3 (1:250) (Jacksons Laboratories). Digital
images were obtained using a Zeiss Axioplan 2 fluorescent microscope with the ApoTome module for
optical sectioning. Z-sections were reconstructed using Zeiss AxioVision software.
Bioinformatic analyses

Prediction of DG glycosylation and signal peptide cleavage was performed by NetNGlyc,
NetOGlyc, and Signal IP software at the Center for Biological Sequence Analysis site, DTU, Denmark

(http://www.cbs.dtu.dk/services/)* 2,
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Figure B-1. Predicted glycosylation and in vitro O-mannosylation of Drosophila
Dystroglycan.

(a) Prediction of mucin-type O-linked glycosylation of the extracellular domains of rabbit a-
DG and Drosophila DG isoforms A, B, and C. Solid vertical bars show the G-score of
corresponding S/T residues with respect to the glycosylation potential*’; the predicted
glycosylation sites have bars above the threshold (horizontal dashed line). DC-C panel also
includes the prediction of N-linked glycosylation (dotted vertical bars). Regions of rabbit a-
DG, DG-A, and DG-C proteins used in vitro O-mannosylation assays are underlined. (b) O-
Mannosylation assay of Drosophila DG-A and DG-C proteins. Purified fragments of
extracellular domain of DG-A and DG-C isoforms were used as substrates in vitro O-
mannosylation assays with microsomal fraction from Drosophila larvae as a source of RT-TW
mannosyltransferase activity and [*H]-mannosyl phosphoryl dolicol as a sugar donor.
Incorporation of mannose is shown as the ratio of incorporated radioactivity for a substrate to
that for BSA as a mock control. Error bars indicate SEM calculated from six independent
assays. ** and * — indicate significant differences from the mock control with t-test P < 0.01
and P < 0.05, respectively. Note that the results for DG-C and rabbit a-DG were also
significantly different from each other (t-test, P < 0.05), while incorporation of O-mannose in
DG-A was not significantly different from the background control (t-test, P > 0.4).
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Figure B-2. Secretion and subcellular localization of the ExXDG protein.

(a) Anti-FLAG Western blot of tissue culture media from S2 cells (control) or from S2 cells
transfected with ExDG-expressing construct (with or without induction of expression). The
results show that EXDG is efficiently secreted in a diffusible form outside of the cell. (b)
Expression of EXDG in the third instar larval wing imaginal disks with a patched-GAL4 driver
using the UAS-GAL4 system. Genotype of the disks: left disk (ptc::ExDg rt-) — ptc-GAL4
UAS-GFP/UAS-ExDg; rtP/rt2; middle disk (ptc::ExDg) — ptc-GAL4 UAS-GFP/+; UAS-
ExDg/+; right disk (ptc::ExDg+rt+tw) — ptc-GAL4 UAS-GFP/UAS-rt UAS-tw; UAS-ExDg/+.
ExDG expression is detected by immunofluorescent staining (red), while GFP signal (green)
highlights the pattern of the ptc driver. Yellow dashed line indicates the position of Z cross-
sections reconstructed for each disk in panel Z. Z cross-sections: no accumulation of the
ExDG protein can be detected inside the columnar epithelium cells (asterisks), while the
protein is efficiently delivered to the basal (arrows) or apical (arrowheads) surfaces of the disk
epithelium. There is no significant difference in the subcellular localization of EXDG between
the three genotypes. For all panels: dorsal is to the top; for the frontal-view sections: anterior
is to the left; for Z cross-sections: basal is to the left.
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Figure B-3. Western and lectin blot analyses of in vivo expressed ExDG.

(a) Western blot detection of ExDG expressed in r#-tw double mutants (rt— tw—), rt mutants
(rt=), tw mutants (rw—), wild-type background (WT), and backgrounds with ubiquitous ectopic
expression of RT (rt+), TW (tw+), or RT-TW co-expression (rt+ tw+). The L band is the top
band present in wild-type background and backgrounds with RT and TW expression, but
absent in rf and/or rw mutants; the S band is present in all genetic backgrounds analyzed. (b)
The ratio between the intensities of L and S bands was quantified for r# mutant, sw mutant,
wild type, and RT-TW co-expression backgrounds. Error bars represent SD.
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Figure B-4. Analysis of EXDG glycosylation by glycosidase treatments.

(a) left panel: ExDG purified from rt mutants was treated with PNGaseF or a-mannosidase, or
with both glycosidases sequentially. No additional shift of the ExXDG band (S band) is detected
in double PNGaseF/o-mannosidase treatment as compared to PNGaseF treatment alone,
suggesting that EXDG has no O-mannose modification. Right panel: glycosidase treatments of
ExDG purified from RT-TW coexpression background. Top (L) band shows significant loss
of mass (>10 kDa) when PNGaseF-treated EXDG was digested with a-mannosidase, which
suggests the presence of abundant O-mannose modifications. No such loss of mass was
detected for the lower (S) band, suggesting that O-mannosylation of ExDG in this band is not
significant. (b) Con A reactivity of purified EXDG after treatments with PNGaseF and a-
mannosidase. The S glycoform purified from rt mutant background loses Con A reactivity
either after the removal of N-linked glycans by PNGaseF or after treatment with a-
mannosidase removing a-linked mannose residues (top panel, left), suggesting the absence of
O-mannose modification and efficient removal of oligomannose structures either by trimming
N-linked branches with a-mannosidase or by complete elimination of N-linked glycans. At the
same time, the L glycoform purified from RT-TW co-expression background retains Con A
reactivity after treatment with PNGaseF, a-mannosidase, or both glycosidases (top panel,
right), suggesting that L glycoform is O-mannosylated, and that a-mannosidase does not
remove O-mannose completely. The bottom panel shows anti-FLAG western control
corresponding to the lectin blot. Red dashed line outlines the region of the L glycoform on the

blots. Asterisk “*” indicates an additional minor band sometimes detected by FLAG Western
blots that brobablv represents ExDG proteolvtic dearadation.
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Figure B-5. Analysis of EXDG glycosylation by lectin blots.

ExDG was purified from rt mutant or RT-TW coexpression backgrounds. (a) VVA lectin blot
(left two lanes) and anti-FLAG western control for protein amount (right two lanes). The S
band from RT-TW overexpression has significantly weaker VVA reactivity than that from rt
mutants, while the reactivity of the L band is even further reduced to a nearly undetectable
level. (b) Anti-FLAG western control (left two lanes), WFA and HHL lectin blots (middle and
right two lanes, respectively). While the WFA reactivity of EXDG bands shows similar pattern
to VVA staining in (a), the reactivity to HHL is complementary to VVA and WFA stainings.
Only the L band reveals strong HHL staining, with the S band from RT-TW coexpression
showing much weaker staining, and the S band from rt mutants having no HHL reactivity at
all. ExXDG was treated with PNGaseF (de-N-glycosylated) in (b). Asterisk indicates an
additional minor band representing some proteolytic degradation.
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Figure B-6. Identification of O-linked sites on ExDG glycopeptides using mass
spectrometry.

The pseudo-neutral loss method was applied using LC-MS/MS allowing for data-dependent
MS’ fragmentation upon witnessing a neutral loss of a glycan mass in the MS® spectra.
Through the application of the pseudo-neutral loss method, it was possible to confirm the
assignment of the glycosylated peptide that was identified using TurboSequest. Panel a shows
the MS? of an O-mannose-modified peptide, while panel b shows the MS* of an O-GalNAc-
modified peptide. Note that in both cases the major fragment is the loss of the glycan. Using
the MS® profile (shown) and the MS’ profile of the neutral-loss species (the unmodified
peptide, not shown) allowed us to assign the peptide, the glycan, and the site of modification
in an automated fashion using TurboSequest followed by manual validation. Sites of
modification were manually validated by looking for the addition of Hex and HexNAc to the
theoretical m/z of b- and y-ions for the glycopeptide.
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Figure B-7. Glycosylation of the DG-C extracellular domain.

Proposed glycosylation profiles of L and S glycoforms of the DG-C extracellular domain
based on mass spectrometry analyses, glycosidase treatments, and lectin reactivity. Orange
box indicates the mucin-type domain of DG-C; hatched region shows the part of the full-
length DG-C protein that was truncated in ExDG (including the transmembrane domain
shown in blue). N—C termini orientation is from left to right.
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Figure B-8. Analysis of trypsin-digested EXDG.

Trypsin digestion of ExDG purified from RT-TW coexpression generates a ~120 kDa trypsin-
resistant glycopeptide that can be detected with PAS or PAS-silver staining. The glycopeptide
quantitatively binds to Con A agarose and changes its gel mobility upon a-mannosidase
treatment. PAS, PAS-staining of ExDG after trypsin digestion. Other lanes show PAS-silver
staining: Input, amount control for the ExDG tryptic glycopeptide used for binding to lectin
agarose beads; ConA, WFA, VVA, the glycopeptide bound to Con A, WFA, and VVA beads,
respectively; a-Mannase “-” and “+”, a-mannosidase treatment of the glycopeptide with heat-
inactivated (control) and active a-mannosidase, respectively. Note that PNGaseF-treated
ExDG was used.

168



o-Mannase:
- +

PAS Input ConA WFA VVA
kDa

250

80

169



Figure B-9. Effect of EXDG ectopic expression on the posterior crossvein development.
(a) Top panel, wild-type Drosophila wing with the region of posterior crossvein shown by a
rectangle. Bottom panels show enlarged examples of a wild-type and a defective crossvein
(with deleted anterior part) as a result of ExDG ectopic expression using an Act-GAL4 driver.
The phenotype varied from a severe “‘deletion’ of the crossvein (shown) to a less extreme but
always obvious loss of crossvein tissue. (b) Penetrance of the crossvein defect is enhanced by
RT-TW activity. N indicates the number of flies scored for each genotype. ExDG
encompasses the complete extracellular domain of DG-C (a.a. 1-1048).
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Figure B-S1.Peptide coverage and O-glycosylation sites identified by mass spectrometry
on L glycoform of ExDG protein purified from RT-TW co-expression background.
Detected peptides are underlined. Sites of O-mannosylation are highlighted in red; residues
carrying either O-mannose or O-GalNAc are highlighted in pink; light blue residue indicates
the site carrying an O-linked sugar which was not unambiguously identified. Grey box shows
the signal peptide that is predicted to be cleaved. The location of mucin-type domain is
highlighted in orange. Asterisk indicates the position of 3XFLAG epitope tag fusion.
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