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ABSTRACT

Disruption of the O-mannosylation
pathway involved in functional glycosylation of a-
dystroglycan gives rise to congenital muscular
dystrophies. Protein O-linked mannose B-1,4-N-
acetylglucosaminyltransferase 2 (POMGNT?2)
catalyzes the first step towards the functional
matriglycan structure on oa-dystroglycan that is
responsible for binding extracellular matrix
proteins and certain arenaviruses. Alternatively,
protein O-linked mannose B-1,2-N-
acetylglucosaminyltransferase 1 (POMGNTI)
catalyzes the first step towards other various
glycan structures present on a-dystroglycan of
unknown function. Here, we demonstrate that
POMGNT]1 is promiscuous for O-mannosylated
peptides while POMGNT2 displays significant
primary amino acid selectivity near the site of O-
mannosylation. We define a POMGNT2 acceptor
motif, conserved among fifty-nine vertebrate
species, in a-dystroglycan that when engineered
into a POMGNT1-only site is sufficient to convert
the O-mannosylated peptide to a substrate for
POMGNT?2. Additionally, an acceptor
glycopeptide is a less efficient substrate for
POMGNT2 when two of the conserved amino
acids are replaced. These findings begin to define
the selectivity of POMGNT2 and suggest this
enzyme functions as a gatekeeper enzyme to
prevent the vast majority of O-mannosylated sites
on proteins from becoming modified with glycan
structures functional for binding LG-domain
containing proteins.

INTRODUCTION

Congenital muscular dystrophy (CMD)
describes a family of genetic, degenerative
diseases characterized by contractures, myopathy,
and in some cases, central nervous system
abnormalities. Many CMDs are caused by defects
in the formation of a functional dystrophin
glycoprotein complex (DGC) that links the actin
cytoskeleton to the extracellular matrix (ECM). a-
Dystroglycan (a-DG), encoded by the DAGI gene,
provides the physical link to LG-domain
containing proteins in the ECM (1), however,
there are only a few known mutations in the
DAGI] coding sequence that lead to CMD (2). A
subset of CMDs, termed secondary
dystroglycanopathies, is caused by mutations in
genes encoding enzymes responsible for
glycosylating a-DG in its mucin-like domain
(residues 313-489). These secondary
dystroglycanopathies range in severity from mild
Limb-Girdle muscular dystrophy to the more
severe Walker-Warburg syndrome (3-5). The
causal genes for secondary dystroglycanopathies
have been identified as encoding enzymes in the
pathway associated with the biosynthesis of the O-
mannosyl (O-Man) glycans (6,7).

The O-mannosylation pathway begins in
the endoplasmic reticulum (ER) where a complex
of POMT1 and POMT2 catalyze the transfer of
mannose from dolicholphosphomannose to serine
and threonine residues in an a-linkage to a-DG
(8), and presumably a handful of other proteins
(9). Bifurcation of the pathway then occurs by the
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addition of an N-acetylglucosamine in either a 2
or a P4 linkage (Figure 1). Two enzymes,
POMGNT1 and POMGNT2, mediate these
additions, respectively. In most cases on a-DG, a
B-1,2 linked GIcNAc residue can be added to the
initial mannose residue by POMGNTT in the cis-
Golgi (10). This core M1 structure can be
branched by another GIcNAc addition to give rise
to the core M2 glycan structure (11). Much more
rarely on o-DG, POMGNT2 will add a B-1,4
linked GIcNAc to the initial mannose residue in
the ER, leading to the formation of the core M3
glycan structure (Figure 1).

After POMGNT2 mediated B-1,4 GlcNAc
addition, the glycan is subject to further extension
with a pB-1,3 linked N-acetyl galactosamine
(GalNAc) by B3AGALNT?2 and phosphorylation of
the reducing-end mannose at the 6-position by
POMK to give rise to the phosphotrisaccharide
core M3 glycan structure while still in the ER (12-
14). From here, it has been recently demonstrated
that Fukutin (FKTN) and Fukutin-related protein
(FKRP) appear to be responsible for extending the
core M3 phosphotrisaccharide in the Golgi by
addition of two ribitol-phosphate units in
phosphodiester linkages (15). TMEMS then
apparently adds a xylose (Xyl) to the distal ribitol
that is followed by B4GAT1-catalyzed addition of
glucuronic acid (GIcA) in a B-1,4 linkage to the
xylose (16,17). This primer permits LARGE!1 to
catalyze the addition of a repeating disaccharide
(a-1,3 linked Xyl — B-1,3 linked GlcA) that is the
functional component, termed matriglycan,
responsible for binding to laminin globular (LG)
domains of ECM proteins (2,18,19).

Human o-DG has at least 25 O-
mannosylation sites (20-22). The majority of the
O-mannosylation sites on a-DG are populated by
core M1 and M2 glycan structures via the action
of POMGNT1 (M1) followed by MGATS5B (M2)
(20-23). Site-mapping studies have identified only
two positions, Thr317 and Thr379, on a-DG with
M3 core structures, though some evidence
suggests 319 and 381 may also be sites of M3
modification (Figure 1) (12,18,20,21).
Paradoxically from a spatial-temporal perspective,
O-Man modified a-DG encounters POMGNT2 in
the ER before POMGNT]1 in the cis-Golgi yet is
preferentially modified by POMGNT1. This led
us to hypothesize that POMGNT2 must
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demonstrate substrate selectivity beyond simply an
O-Man modified amino acid.

Here, we explore the specificity of
POMGNT?2, and compare it with POMGNTI1. We
synthesized multiple O-mannosylated peptides
derived from known M1 and M3 modified sites of
a-DG and tested their ability to be acceptor
substrates for the two enzymes. POMGNT2
displays selectivity based on the primary amino
acid sequence in proximity to the site of O-
mannosylation while POMGNT1 is promiscuous.
We identified a sequence motif, highly conserved
in vertebrates, in a-DG that appears to modulate
POMGNT?2 substrate specificity in vitro. We
demonstrated sufficiency of the extended motif by
engineering the sequence into a typical M1 O-
mannosylated peptide that resulted in it being a
POMGNT?2 acceptor. We also demonstrate that
replacement of conserved amino acids
compromises an M3 peptide for extension by
POMGNT2. Intriguingly, a  conservative
degenerate sequence based on our identified motif
is present in several human membrane/secreted
proteins.

RESULTS

Acceptor  Selectivity of POMGNTI and
POMGNT? using Synthetic a-DG Glycopeptides

In order to identify primary amino acid
determinants of POMGNT2 selectivity, we used
solid-phase peptide synthesis to generate synthetic
glycopeptides whose sequences are those from
known O-mannosylated regions of human o-DG
(Table 1). Direct physical evidence for core M3
extension at position 379 in o-DG has previously
been shown (24), while the threonine at position
341 in o-DG has been demonstrated as a
POMT1/POMT2 acceptor that does not carry an
M3 core (25). We selected these two sites (379
and 341) because we predicted their extensions
differ in core glycan structure while their
immediate primary amino acid sequences share a
similar Thr(-O-Man)-Pro-Thr (TPT) motif. The
synthetic glycopeptides were designed to be 21
amino acids in length with the mannosylated
threonine as the central residue (residue 11) to
evaluate nearby C-terminal and N-terminal amino
acid determinants (Table 1).

To establish if the synthetic glycopeptides
were substrates for POMGNT1 and POMGNT2,
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we performed overnight radioactive transfer
assays. Recombinant human POMGNT1 catalyzed
GlcNAc transfer to both the Man341 and Man379
synthetic glycopeptides (Figure 2A, B). To
confirm the composition of POMGNT]1 reaction
products, parallel transfer assays using non-
radiolabeled UDP-GIcNAc were performed using
the Man341 and Man379 glycopeptides as
acceptor substrates, and the reaction products were
analyzed by mass spectrometry (MS) (Figure 2C,
D). The observed peaks at 859.121 and 899.504
m/z in the full FTMS correspond to the addition of
a HexNAc residue [+203] to the Man341 and
Man379  glycopeptides, respectively. Thus,
POMGNT]1 will extend the mannose in synthetic
glycopeptides at positions 341 and 379 of the a-
DG sequence, in vitro. These results clearly
demonstrate that POMGNT1 exhibits minimal
acceptor selectivity between core M1 and M3 sites
on these two a-DG-derived glycopeptides.

In comparison, POMGNT2 showed
preferential acceptor selectivity for the known M3
site in the a-DG sequence. Radiolabel transfer
assays showed no detectable transfer of the sugar
to the acceptor Man34l glycopeptide by
POMGNT?2 (Figure 2A) but transfer of GIcNAc to
the Man379 synthetic glycopeptide (Figure 2B).
Parallel non-radioactive transfer assays followed
by MS analysis identified the composition of the
POMGNT?2 reaction products and verified the
transfer results observed in the radioactive assays
(Figure 2E, F). The predominant peak at 791.427
m/z in the full FTMS corresponds to the
unmodified Man341 glycopeptide with a single
mannose (Figure 2E). In contrast to the results
seen in Figure 2E, the observed peak at §99.504
m/z in the full FTMS in Figure 2F corresponds to
the addition of a HexNAc residue [+203] to the
Man379 glycopeptide. These results suggest that
POMGNT?2 preferentially modifies specific sites
on a-DG intended for core M3 glycan elaboration.

Kinetic Parameters of POMGNTI and POMGNT2
with Synthetic a-DG Glycopeptides

To further characterize the substrate
specificities of POMGNTI and POMGNT2,
additional core M1 and core M3 synthetic
glycopeptides were generated. Man414 and
Man317 are known O-mannosylated regions of a-
DG (18,21). Evidence for core M3 extension at
position 317 in a-DG has been shown previously
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(12,18). Man317 is 21 amino acids in length,
contains the TPT motif, and has the mannosylated
threonine as the central residue (residue 11),
similar to Man379 and Man341 (Table 1). Man414
is only 7 amino acids in length, and lacks the TPT
motif (Table 1). However, the kinetics of Man414
with POMGNT]1 has previously been studied (26)
and the homologous residue in rabbit (Oryctolagus
cuniculus) has been site-mapped with mannose
(21) making it a useful predicted core M1
glycopeptide for this study.

Glycosyltransferase reaction kinetics for
POMGNT1  with the four synthesized
glycopeptides were investigated by UDP-Glo™
assays. The a-DG sequences in the four synthetic
glycopeptides were all utilized by POMGNTI as
acceptors (Figure 3A-D). Inspection of the K,
values derived from nonlinear regression analyses
of the experimentally obtained values reveals that
the affinity of POMGNT]1 for synthetic acceptor
glycopeptides containing a TPT motif (Man317,
Man379, Man341) is greater than the affinity for
the Short Man414 synthetic glycopeptide lacking a
TPT motif (Table 1). POMGNT]1 has the fastest
turnover (k.,) with the Man341 synthetic
glycopeptide, but catalytic efficiency (k../K,)1s an
order of magnitude greater for the core M3
synthetic glycopeptides, Man317 and Man379
(Table 1).

To wvalidate the acceptor selectivity of
POMGNT2, we also performed UDP-Glo™
assays with the four synthesized glycopeptides to
investigate glycosyltransferase reaction kinetics.
Transfer of GIcNAc to Man341 and Man414 by
POMGNT?2 (Figure 4A,C) was below the level of
detection, while Man379 and Man317 (Figure 4B,
D) are clearly acceptor substrates for POMGNT2
activity. The measured K, k.., and k../ K, for
Man317 and Man379 synthetic glycopeptides with
POMGNT?2 are similar (Table 1). These data are
consistent with the results obtained in our initial
transfer assays and support the proposal that the
features of the primary amino acid sequence in the
region of the TPT sequence are determinants of
POMGNT?2 selectivity.

A Primary Amino Acid Motif in o-DG is
Favorable for POMGNT?2 Activity

It was previously suggested that all O-
mannosylated sites on a-DG have a conserved
Thr-Pro-Thr (TPT) motif at the mannosylated
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threonine (18,25) though site mapping studies
have demonstrated that only a subset of mapped
sites follow this pattern (20-22). Indeed, the
primary amino acid sequences around mapped O-
mannose sites on o-DG (excluding sites Thr317
and Thr379) are heterogeneous (Figure 5A). To
identify primary sequence elements that govern
the observed preferences on POMGNT2 acceptor
substrate selectivity, a-DG amino acid sequences
surrounding sites Thr317 and Thr379 from fifty-
nine vertebrate species with orthologues of human
DAGI1, POMGNT1 or POMGNT2, and FKTN or
B4GAT1 were aligned using WebLogo (27)
(Figure 5B). The previously identified TPT motif
was evident in our alignment, but other conserved
amino acids were observed that are not present
around Thr341. Interestingly, our alignment of
317/379 M3 sites across species demonstrated that
arginines at -6 and -8 and an Ile at -3 were
conserved in addition to the P at +1 and the T at
+2. Thus, the R-X-R-X-X-I-X-X-T-P-T motif is a
proposed conserved sequence for M3 extension
(Figure 5B).

Since this motif is only present at known
core M3 sites and not at core MI1 sites, we
hypothesized that the R-X-R portion of the
primary amino acid sequence motif of a-DG might
confer extension by POMGNT?2. To test this, we
synthesized a modified version of the Man341
peptide that already contains the TPT sequence
and an Ile at -3, that we refer to as Man341-RPR.
In this glycopeptide, we replaced the two
divergent amino acids at -6 and -8 with arginines
to introduce the conserved R-X-R motif.
Glycosyltransferase reaction kinetics of
POMGNT?2 with this modified glycopeptide was
investigated by UDP-Glo™ assay. In contrast to
the undetectable reaction with Man341,
POMGNT?2 transferred GlcNAc to Man341-RPR
(Figure 6A, Table 1). Thus, we successfully
converted a core M1 non-acceptor peptide into a
core M3 acceptor for POMGNT?2 in vitro by the
addition of our identified motif.

To further test that the R-X-R portion of
the primary amino acid sequence motif of a-DG is
important for glycan extension by POMGNT2, we
synthesized a new glycopeptide based on the
sequence at a known core M3 site (379) but with
the two N-terminal arginine residues altered to the
divergent residues of a core MI acceptor
(Man341). We have designated this modified core
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M3 glycopeptide as Man379-ETP.
Glycosyltransferase reaction kinetics of
POMGNT?2 with this modified glycopeptide were
investigated by UDP-Glo™ assays. In comparison
to the kinetics of POMGNT2 with Man379,
POMGNT?2 has a lower affinity and a greater than
five-fold reduction in catalytic efficiency for
Man379-ETP  (Figure 6B, Table 1). The
replacement of our identified R-X-R motif in a
core M3 acceptor with divergent residues reduced
but did not eliminate POMGNT?2 activity.

Lastly, to test the necessity of the R-X-R
portion of the primary amino acid sequence motif
of a-DG for POMGNT?2 activity, we synthesized a
truncated version of the Man379 M3 glycopeptide
we refer to as ShortMan379. The N-terminus of
this glycopeptide begins immediately following
the R-X-R motif. Glycosyltransferase reaction
kinetics of POMGNT2 with this truncated
glycopeptide were investigated by the UDP-Glo™
assay. POMGNT?2 utilized ShortMan379 as an
acceptor substrate with a similar affinity to
Man379 but with a less than one-fold reduction in
catalytic efficiency (Figure 6C, Table 1). Thus, the
R-X-R portion of the motif appears to not be
essential in the context of a synthetic peptide for
POMGNT?2 activity.

DISCUSSION

While POMGNT?2 is poised to modify a-
DG in the ER before it encounters POMGNT1 in
the cis-Golgi, only two M3 sites have been
identified on a-DG. Thus, it seems likely that
POMGNT2 demonstrates acceptor substrate
preferences beyond simply an O-Man modified
residue. We tested this hypothesis regarding
specificity by examining the impact of local
primary amino acid sequence around O-Man sites
on synthetic peptides as acceptor substrates for
POMGNT1 and POMGNT?2.

Employing a set of O-Man glycopeptide
substrates, we have shown that POMGNT?2 has a
preference for acceptors with mannosylated
residues at positions Thr317 and Thr379 while
POMGNT1 has no significant acceptor substrate
preferences among the various synthetic
glycopeptides tested (Figure 2-4 and Table 1).
Analysis of the sites that are POMGNT2-
dependent demonstrate a R-X-R-X-X-I-X-X-T-P-
T motif that is conserved among vertebrata a-DG
(Figure 5B). We also observed that this sequence
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is not found in any of the mapped sites from other
O-mannosylated proteins (9) consistent with a-DG
being the only demonstrated protein to contain M3
glycans (Figure 5A). We found that replacement
of a divergent sequence on a POMGNT1 acceptor
that was only missing the conserved R-X-R motif
converted it to a POMGNT2 acceptor,
demonstrating that replacing the two amino acids
was sufficient to confer activity (Figure 6A).
Likewise, replacement of the arginines in the
Man379 peptide with amino acids found in the M1
peptide of Man341 reduced the efficiency of
POMGNT?2 to catalyze the addition of GIcNAc to
the O-Man peptide more than five-fold (Figure
6B). However, while the addition of the R-X-R
motif to a core M1 acceptor is sufficient to make it
a substrate for POMGNT2, the complete removal
of the R-X-R motif on a core M3 acceptor does
not abolish POMGNT2 activity (Figure 6C).
Taken together, this suggests that the R-X-R motif
allows for extension by POMGNT2 at core M3
sites, but is not essential for a short synthetic O-
Man peptide. These results support a case of
sufficiency in the absence of necessity which
deviates from the normal necessary and sufficient
or necessary but not sufficient arguments. We
would rationalize that when there is sequence
upstream of the site of action, as that actually
found in the full-length alpha-dystroglycan
protein, that non-basic amino acids replacing the
R-X-R portion of the motif generate steric or
electrostatic clashes that prevent proper binding of
the substrate protein.

Interestingly for Man317, the identified R-
X-R motif is upstream of the known Furin
cleavage site. However, as POMGNT2 is an ER-
resident glycosyltransferase and Furin is located in
the Golgi, POMGNT?2 acts first and thus has the
capability to interact with residues upstream of the
Furin cleavage site and this may at least partially
explain the requirement for the N-terminus for
synthesis of functionally glycosylated mature o-
DG (19).

Our current model, based on the data
presented here, is that POMGNT?2 selectivity
determines which sites on a-DG become modified
with the core M3 glycan structure. In turn, only
the core M3 glycan structure can be extended by
B3GALNT?2, phosphorylated by POMK and
further elaborated to become the functional
matriglycan for o-DG (2,13). Functional

POMGNT?2, a gatekeeper enzyme

glycosylation of o-DG, and, in particular,
matriglycan  synthesis stemming from the
POMGNT2-dependent core M3 glycan structure is
required for binding to extracellular matrix (ECM)
proteins with laminin globular domains and
maintaining overall ECM integrity (11). Thus,
POMGNT2 acts a gatekeeper enzyme for
functional glycosylation of a-DG.

The strict R-X-R-X-X-I-X-X-T-P-T motif
that we have presented here is not present on any
other secreted or membrane associated protein in
humans except for o-DG at T317/319 and
T379/381 (2,13). Relaxing the sequence
constraints to allow for conservative replacements
generates a motif of R/K-X-R/K-X-X-I/L/V-X-X-
T/S-P-T/S. This motif is found on a handful of
membrane/secreted human proteins including
SRPX, CLEC18C, FREM2, MANBA, SEMA3E,
SPACA7, and TMEMI182. However, if we
examine conservation of the motif in these
proteins across 59 vertebrate species, as we did for
a-DG, we see poor conservation (data not shown).
This lends further support to the working model
that only a-DG contains sequences that are
substrates for POMGNT2 that go on to become
functionally glycosylated with matriglycan (2).

We have identified and partially
characterized a primary amino acid sequence motif
governing acceptor specificity for POMGNT?2
towards O-mannosylated substrates. Additional
studies are required to fully characterize the
functional roles of individual amino acids in this
motif. Structural analyses of POMGNT2 in
complex with various acceptor substrates would
greatly assist in defining the molecular details of
the POMGNT2 gatekeeping mechanism that we
have established here. Furthermore, future in vivo
studies testing the role of the R-X-R-X-X-I-X-X-
T-P-T motif in POMGNT2 acceptor selectivity
will be invaluable to complement our in vitro
findings presented here.

EXPERIMENTAL PROCEDURES

Cell Culture and Protein Purification

The catalytic domains of human
POMGNT]1 (amino acid residues 60—660, UniProt
Q8WZAI1) and POMGNT2 (amino acid residues
25-580, UniProt Q8NATI1) were expressed as
soluble, secreted fusion proteins by transient
transfection of HEK293 suspension cultures (28).
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The coding regions were amplified from
Mammalian Gene Collection (29) clones using
primers that appended a tobacco etch virus (TEV)
protease cleavage site (30) to the NH,-terminal
end of the coding region and attL1 and attlL2
Gateway adaptor sites to the 5’ and 3’ terminal
ends of the amplimer products. The amplimers
were recombined via BP clonase reaction into the
pDONR221 vector and the DNA sequences were
confirmed. The pDONR221 clones were then
recombined via LR clonase reaction into a custom
Gateway adapted version of the pGEn2
mammalian expression vector (28,31) to assemble
a recombinant coding region comprised of a 25
amino acid NH,-terminal signal sequence from the
T. cruzi lysosomal o-mannosidase (32) followed
by an 8xHis tag, 17 amino acid AviTag (33),
‘superfolder” GFP (34), the nine amino acid
sequence encoded by attBl recombination site,
followed by the TEV protease cleavage site and
the respective glycosyltransferase catalytic domain
coding region. Suspension culture HEK293f cells
(Life Technologies, Grand Island, NY) were
transfected as previously described (28) and the
culture supernatant was subjected to Ni-NTA
superflow chromatography (Qiagen, Valencia,
CA). Enzyme preparations eluted with 300 mM
imidazole were concentrated to ~1 mg/ml using
an ultrafiltration pressure cell ~membrane
(Millipore, Billerica, MA) with a 10 kDa
molecular weight cutoff.

Glycopeptide Synthesis

The glycopeptide synthesis here extends
earlier work describing synthesis of O-Man-Ser
and -Thr peptide synthesis building blocks, as well
as O-Man glycopeptides (35). The glycopeptides
were prepared as C-terminal carboxamides and
acetylated at the N-terminus to emulate the
situation in the native protein. For this work all
couplings except those for glycosylated residues
were carried out on an automated microwave-
assisted solid-phase peptide synthesizer (Liberty
CEM Microwave Synthesizer) using standard
protocols in the instrument software, on Rink
amide resin (~0.5 meq/gm, Novabiochem) via an
N*-Fmoc-based approach with DMF as the
primary solvent. 20% 4-methyl piperidine in DMF
was used for Fmoc removal. 2-(1H-benzotriazole-
1-yl)-oxy-1,1,3,3-tetramethyluronium

hexafluorophosphate (HBTU)/1-
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hydroxybenzotriazole (HOBt) in the presence of
N,N-diisopropylethylamine (DIPEA) were
employed as the coupling reagents for standard
amino acids. For the coupling of the glycosylated
amino acid, Fmoc-Thr(a-D-Man(Ac),).OH
(Sussex Research), the peptide resin was removed
from the synthesizer and coupling performed
manually using a CEM Discover microwave
apparatus. 2-(7-aza-1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU)/ 1-hydroxy-7-azabenzotriazole (HOAt) in
the presence of DIPEA were the activating
reagents. Typically two couplings at ~1.5 fold
excess of glycosylated amino acid to the resin
loading were done for this amino acid to conserve
reagent. Upon completion of the manual coupling
reaction, as determined by Matrix-assisted laser
desorption/ionization-time  of  flight = mass
spectrometry (MALDI-TOF MS), glycopeptide
resins were returned to the automatic synthesizer
to complete assembly. After final N-deprotection,
the glycopeptides were manually N-acetylated by
treatment with DMF/Acetic Anhydride/DIPEA
85/10/5 v/v for ~30 min, and the O-acetyl
protection on the mannosyl residues were
subsequently removed by two successive
treatments with Hydrazine/MeOH 70/20 v/v for an
hour each. Glycopeptides were then cleaved from
the resin as C-terminal carboxamides, with
simultaneous removal of remaining amino acid
side chain protection through treatment with
TFA/TIPS/H,O 95/2.5/2.5 for ~4 hrs. The resin
was filtered off and the TFA solution concentrated
on a rotary evaporator to a few mL. The remaining
concentrate was added drop wise to cold ether
from which the crude glycopeptides precipitated.
After centrifugation and removal of the ether
supernatant, the glycopeptides were redissolved
and purified via HPLC over an Ultra II
250x10.0mm Sum C;s3 column (RESTEK) with a
0.1% TFA in water/0.1% TFA in Acetonitrile
solvent gradient. Purity was verified by analytical
HPLC and MALDI-TOF MS (see Supplementary
Figure 1). Yields were in the range of 30 -50%.

Radiolabel Transfer Assays

The radiometric assays were carried out in
reactions containing 100 mM MES (pH 6.5), 10
mM MnClL, 2 mM UDP-GIcNAc mixed with
10nCi *H-UDP-GIcNAc, and 1mM glycopeptide
acceptor. Reactions were incubated for 21 hrs at
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37°C, then quenched by addition of 5 pul 1% TFA
and boiled at 100°C for 5 min. Reaction products
were purified by reverse phase separation using
Cis SepPak micro spin columns (The Nest Group)
by loading and washing with 0.1% formic acid and
elution with 80% acetonitrile with 0.1% formic
acid. Disintegrations per minute (DPMs) were
counted using a liquid scintillation counter
(Beckman) to determine the amount of “H-
GlcNAc incorporated into the glycopeptides. The
data presented represent the average of at least 3
independent experiments.

Mass Spectrometry

Cold glycosyltransferase reactions used
for analysis by mass spectrometry were carried out
identical to the radioactive transfer assays but
without radioactive UDP-GIcNAc. After reverse
phase separation, the product was vacuumed to
dryness and resuspended in 100 pl of 0.1% formic
acid. Samples were filtered using a 0.2 pm
nanosep microcentrifuge filter (Pall Life Sciences)
and transferred to an autosampler vial with glass
insert (Thermo Scientific). The samples were run
on a Thermo Scientific™ Orbitrap Fusion™
Lumos™ mass spectrometer. Full Fourier
transform MS Spectra were analyzed using
Xcalibur Qual Browser software, and MS/MS
scans were analyzed using Byonic'” Version
2.6.46 (Protein Metrics Inc.), using a precursor
mass tolerance of 10 ppm and a fragmentation
mass tolerance of 0.3 Daltons followed by manual
interpretation.

UDP-Glo™ Glycosyltransferase Assays
UDP-Glo™ Glycosyltransferase Assays
(Promega) were performed using 50 mM Tris-HCI
(pH 7.5), 5 mM MnCl,, 100 uM UDP-GIcNAc, 40
ng of enzyme, and varying amounts of
glycopeptide acceptor-substrates at 37°C for 2 hrs
in a white, flat bottom, 384-well plate. After the
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glycosyltransferase reaction, an equal volume of
UDP  Detection Reagent was added to
simultaneously convert the UDP product to ATP
and generate light in a luciferase reaction. The
light generated was detected using a GloMax-
Multi+ luminometer (Promega). Luminescence
was correlated to UDP concentration by using a
UDP standard curve. Kinetic parameters were
extracted from the data after fitting to the
Michaelis-Menten equation using the non-linear
regression fit in GraphPad Prism Version 7.1. The
data presented represent the average of at least 3
independent experiments.

WebLogo Consensus Sequence Alignment

All vertebrate species available on the
Ensembl genome browser (release 85) (36) with
orthologues of human DAGI1, POMGNTI1 or
POMGNT?2, and FKTN or BAGAT1 (X. tropicalis,
L. chalumnae, A. carolinensis, C. hoffmanni, T.
truncatus, P. sinensis, M. gallopavo, G. gallus, A.
platyrhynchos, T. guttata, F. albicollis, D. ordii, E.
telfairi, O. princeps, L. africana, P. capensis, M.
lucifugus, C. porcellus, R. norvegicus, M.
musculus, E. europaeus, D. novemcinctus, O.
garnettii, 1. tridecemlineatus, B. taurus, O. aries,
O. cuniculus, M. putorius furo, C. lupus familiaris,
F. catus, A. melanoleuca, T. syrichta, T. belangeri,
P. vampyrus, S. scrofa, E. caballus, C. jacchus, P.
anubis, M. mulatta, C. sabaeus, N. leucogenys, G.
gorilla gorilla, P. troglodytes, H. sapiens, O.
anatinus, M. eugenii, M. domestica, S. harrisii, L.
oculatus, D. rerio, A. mexicanus, T. nigroviridis,
T. rubripes, O. latipes, X. maculatus, P. formosa,
G. morhua, G. aculeatus, and O. niloticus) were
aligned to human DAGI using Clustal Omega
(37). The ten amino acids upstream and
downstream of the Threonine at position 317 and
379 in human DAG] for all species were extracted
from the alignment and used for analysis in
Berkeley’s WebLogo program (version 3) (27).
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FOOTNOTES

The abbreviations used are: POMGNT?2, Protein O-linked mannose B-1,4-N-
acetylglucosaminyltransferase 2; POMGNTI, protein O-linked mannose B-1,2-N-
acetylglucosaminyltransferase 1; CMD, congenital muscular dystrophy; DGC, dystrophin glycoprotein
complex; ECM, extracellular matrix; a-DG, a-Dystroglycan; ER, endoplasmic reticulum; GlcNAc, N-
acetyl glucosamine; O-Man, O-mannose.
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TABLE 1. Comparison of POMGNT1 and POMGNT?2 kinetics with various M1 and M3 synthetic
glycopeptide acceptors Asterisk in acceptor sequence indicates the mannosylated threonine residue.
Kinetic parameters of Man341 and Man414 with POMGNT2 were not measurable as indicated by the
dashed lines.

Core
Acceptor Acceptor Sequence Glycan (HII(KI’[) (l;fT; g{/i'/lls({;
Structure
Man317 PKRVRRQIHAT*PTPVTAIGPP M3 1.2+0.1 13+0.5 10x 10°
Man379 TIRTRGAIIQT*PTLGPIQPTR M3 26104 32+33 12x 10°
Man379-ETP TIETPGAIIQT*PTLGPIQPTR Molsgied 09 £0.1 11+£04 12x 10°
POMGNT1
Man341 IQEPPSRIVPT*PTSPAIAPPT M1 0.1 +0.04 1.0+£0.1 10x 10°
Man341-RPR IQRPRSRIVPT*PTSPAIAPPT Molsllfled 32+0.7 13+1.5 4.0x 10°
Man414 YVEPT*AV M1 11+3.0 16+3.3 1.5x 10°
Man317 PKRVRRQIHAT*PTPVTAIGPP M3 22+0.2 12+0.5 5.5x 10°
Man379 TIRTRGAIIQT*PTLGPIQPTR M3 0.8+.04 16+1.4 20x 10°
Man379-ETP TIETPGAIIQT*PTLGPIQPTR Molsgied 29+0.7 11+14 3.8x 10°
POMGNT2 | Man341 IQEPPSRIVPT*PTSPAIAPPT M1 - - -
Man341-RPR IQRPRSRIVPT*PTSPAIAPPT Molsllfled 6.0+1.1 33+1.0 0.6x 10°
Man414 YVEPT*AV M1 - - -
ShortMan379 GAIIQT*PTLGPIQPTR M"&ﬁed 08+03 10+ 14 12x10°
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FIGURE LEGENDS

FIGURE 1. Core O-Man structures on a-Dystroglycan

A) POMGNT]1 is responsible for generating the M1 core glycan structure that can be branched by
MGATSB to generate the M2 core, while POMGNT?2 is responsible for generating the M3 core glycan
structure.

B) Schematic of known O-mannosylated sites on a-dystroglycan addressed in this study. Thr317 and
Thr379 are elaborated with the M3 core glycan structure, while Thr341 and Thr414 are elaborated with
M1 core glycan structures that can be further elaborated to core M2 glycan structures. Glycan symbols
follow guidelines outlined in (38).

FIGURE 2. Unlike POMGNT1, POMGNT?2 exhibits acceptor selectivity

A-B) Radioactive assay of POMGNTI1 and POMGNT2 activity with (A) Man341, an M1 acceptor and
(B) Man379, an M3 acceptor. Transfer is measured in background corrected disintegrations per minute
(DPM). Error bars represent standard error from the mean of 3 replicates.

C-D) FTMS spectra verifying (C) POMGNTI1 extended Man341 (1.16 ppm mass accuracy) and (D)
POMGNT]1 extended Man379 (2.53 ppm mass accuracy). Green circle represents a mannose and the blue
square represents an N-acetylglucosamine (38).

E-F) FTMS spectra verifying (E) POMGNT2 Man341 product (1.11 ppm mass accuracy) and (F)
POMGNT?2 extended Man379 (1.11 ppm mass accuracy). Green circle represents a mannose and the blue
square represents an N-acetylglucosamine (38).

FIGURE 3. POMGNT1 transfers to both M1 and M3 acceptors

POMGNT]1 kinetics with (A) Man341, (B) Man379, (C) Man414, or (D) Man317 acceptor glycopeptide
measured by UDP-Glo assay. Error bars represent standard error from the mean from 3 experiments. See
Table 1 for a list of kinetic parameters.

FIGURE 4. POMGNT?2 only transfers to M3 acceptors

POMGNT?2 kinetics with (A) Man341, (B) Man379, (C) Man414, or (D) Man317 acceptor glycopeptide
measured by UDP-Glo assay. Error bars represent standard error from the mean from 3 experiments. See
Table 1 for a list of kinetic parameters .

FIGURE 5. A Conserved Consensus Sequence for POMGNT2 Activity

A) Sequence alignment of 21-mer sequences of a-DG centered on known o-mannose sites from human
and rabbit (20,21) excluding Thr317 and Thr379. Logo made using Berkeley’s WebLogo program.

B) Sequence alignment of 21-mer sequences of a-DG centered on human sites Thr317 and Thr379 from
all Ensembl vertebrata with orthologues of DAG1, POMGNT]1 or 2 and FKTN or B4GAT]1 (total of 59
species, see Experimental Methods for a complete list). Logo made using Berkeley’s WebLogo program.

FIGURE 6. A Primary Amino Acid Motif in a-DG is Permissible for POMGNT2 Activity
POMGNT?2 kinetics with (A) Man341-RPR and Man341, (B) Man379-ETP and Man379, and (C)
ShortMan379 and Man379 acceptor glycopeptide measured by UDP-Glo assay. Error bars represent
standard error from the mean from 3 experiments. See Table 1 for a list of kinetic parameters.
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POMGNT?2, a gatekeeper enzyme

Figure 1.
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POMGNT?2, a gatekeeper enzyme

Figure 2.
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POMGNT?2, a gatekeeper enzyme

Figure 3.
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POMGNT?2, a gatekeeper enzyme

Figure 4.
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POMGNT?2, a gatekeeper enzyme

Figure 5.

TPVuKMHSa

weblogo.berkeley.edu

Downloaded from http://www.jbc.org/ by guest on December 11, 2016

C
d

o
N
weblogo.berkeley.

20


http://www.jbc.org/

Figure 6.
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Supplementary Figure 1. (A) HPLC chromatogram (B) and MALDI-TOF spectra of purified
glycopeptides Man 317, Man 379, Man 379-ETP, ShortMan379, Man341, Man414, Man341-
RPR.
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