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Disruption of the O-mannosylation pathway involved in func-
tional glycosylation of �-dystroglycan gives rise to congenital
muscular dystrophies. Protein O-linked mannose �-1,4-N-
acetylglucosaminyltransferase 2 (POMGNT2) catalyzes the first
step toward the functional matriglycan structure on �-dystro-
glycan that is responsible for binding extracellular matrix pro-
teins and certain arenaviruses. Alternatively, protein O-linked
mannose �-1,2-N-acetylglucosaminyltransferase 1 (POMGNT1)
catalyzes the first step toward other various glycan structures
present on �-dystroglycan of unknown function. Here, we dem-
onstrate that POMGNT1 is promiscuous for O-mannosylated
peptides, whereas POMGNT2 displays significant primary
amino acid selectivity near the site of O-mannosylation. We
define a POMGNT2 acceptor motif, conserved among 59 verte-
brate species, in �-dystroglycan that when engineered into a
POMGNT1-only site is sufficient to convert the O-mannosy-
lated peptide to a substrate for POMGNT2. Additionally, an
acceptor glycopeptide is a less efficient substrate for POMGNT2
when two of the conserved amino acids are replaced. These find-
ings begin to define the selectivity of POMGNT2 and suggest
that 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 bind-
ing laminin globular domain-containing proteins.

Congenital muscular dystrophy (CMD)3 describes a family of
genetic, degenerative diseases characterized by contractures,

myopathy, and in some cases central nervous system abnormal-
ities. Many CMDs are caused by defects in the formation of a
functional dystrophin glycoprotein complex that links the actin
cytoskeleton to the extracellular matrix (ECM). �-Dystroglycan
(�-DG), encoded by the DAG1 gene, provides the physical link
to laminin globular (LG) domain-containing proteins in the
ECM (1); however, there are only a few known mutations in the
DAG1 coding sequence that lead to CMD (2). A subset of
CMDs, termed secondary dystroglycanopathies, is caused by
mutations in genes encoding enzymes responsible for glycosy-
lating �-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 dystro-
glycanopathies 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 cata-
lyzes the transfer of mannose from dolicholphosphomannose
to serine and threonine residues in an �-linkage to �-DG (8)
and presumably a handful of other proteins (9). Bifurcation of
the pathway then occurs by the addition of an N-acetylgluco-
samine (GlcNAc) in either a �2 or a �4 linkage (see Fig. 1). Two
enzymes, POMGNT1 and POMGNT2, respectively, mediate
these additions. In most cases on �-DG, a �-1,2-linked GlcNAc
residue can be added to the initial mannose residue by
POMGNT1 in the cis-Golgi (10). This core M1 structure can be
branched by another GlcNAc addition to give rise to the core
M2 glycan structure (11). Much more rarely on �-DG,
POMGNT2 will add a �-1,4-linked GlcNAc to the initial man-
nose residue in the ER, leading to the formation of the core M3
glycan structure (see Fig. 1).

After POMGNT2-mediated �-1,4-GlcNAc addition, the
glycan is subjected to further extension with a �-1,3-linked
N-acetylgalactosamine by B3GALNT2 and phosphorylation of
the reducing end mannose at the 6-position by POMK to give
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rise to the phosphotrisaccharide core M3 glycan structure
while still in the ER (12–14). From here, it has been recently
demonstrated that FKTN and FKRP appear to be responsible
for extending the core M3 phosphotrisaccharide in the Golgi by
addition of two ribitol phosphate units in phosphodiester link-
ages (15). TMEM5 then apparently adds a xylose to the distal
ribitol that is followed by B4GAT1-catalyzed addition of glucu-
ronic acid in a �-1,4 linkage to the xylose (16, 17). This primer
permits LARGE1 to catalyze the addition of a repeating disac-
charide (�-1,3-linked xylose-�-1,3-linked glucuronic acid) that
is the functional component, termed matriglycan, responsible
for binding to LG domains of ECM proteins (2, 18, 19).

Human �-DG has at least 25 O-mannosylation sites (20 –22).
The majority of the O-mannosylation sites on �-DG are popu-
lated by core M1 and M2 glycan structures via the action of
POMGNT1 (M1) followed by MGAT5B (M2) (20 –23). Site
mapping studies have identified only two positions, Thr-317
and Thr-379, on �-DG with M3 core structures, although some
evidence suggests 319 and 381 may also be sites of M3 modifi-
cation (Fig. 1) (12, 18, 20, 21). Paradoxically, from a spatial-
temporal perspective, O-Man-modified �-DG encounters
POMGNT2 in the ER before POMGNT1 in the cis-Golgi but is
preferentially modified by POMGNT1. This led us to hypothe-
size that POMGNT2 must demonstrate substrate selectivity
beyond simply an O-Man-modified amino acid.

Here, we explore the specificity of POMGNT2 and compare
it with POMGNT1. We synthesized multiple O-mannosylated
peptides derived from known M1- and M3-modified sites of
�-DG and tested their ability to be acceptor substrates for the
two enzymes. POMGNT2 displays selectivity based on the pri-
mary amino acid sequence in proximity to the site of O-man-
nosylation, whereas POMGNT1 is promiscuous. We identified
a sequence motif, highly conserved in vertebrates, in �-DG that
appears to modulate POMGNT2 substrate specificity in vitro.
We demonstrated sufficiency of the extended motif by engi-
neering the sequence into a typical M1 O-mannosylated pep-
tide that resulted in it being a POMGNT2 acceptor. We also

demonstrate that replacement of conserved amino acids com-
promises an M3 peptide for extension by POMGNT2. Intrigu-
ingly, a conservative degenerate sequence based on our identi-
fied motif is present in several human membrane/secreted
proteins.

Results

Acceptor Selectivity of POMGNT1 and POMGNT2 Using
Synthetic �-DG Glycopeptides—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 �-DG (Table 1). Direct physical evidence for core M3
extension at position 379 in �-DG has been shown previously
(24), whereas the threonine at position 341 in �-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 that their extensions differ in core
glycan structure whereas 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 resi-
due (residue 11) to evaluate nearby C-terminal and N-terminal
amino acid determinants (Table 1).

To establish whether the synthetic glycopeptides were
substrates for POMGNT1 and POMGNT2, we performed
overnight radioactive transfer assays. Recombinant human
POMGNT1 catalyzed GlcNAc transfer to both the Man341
and Man379 synthetic glycopeptides (Fig. 2, A and B). To con-
firm the composition of POMGNT1 reaction products, parallel
transfer assays using non-radiolabeled UDP-GlcNAc were per-
formed using the Man341 and Man379 glycopeptides as accep-
tor substrates, and the reaction products were analyzed by mass
spectrometry (MS) (Fig. 2, C and D). The observed peaks
at 859.121 and 899.504 m/z in the full FTMS correspond to
the addition of a N-acetylhexosamine residue (�203) to the
Man341 and Man379 glycopeptides, respectively. Thus, POMGNT1

FIGURE 1. Core O-Man structures on �-dystroglycan. A, POMGNT1 is responsible for generating the M1 core glycan structure that can be branched by
MGAT5B to generate the M2 core, whereas POMGNT2 is responsible for generating the M3 core glycan structure. B, schematic of known O-mannosylated sites
on �-dystroglycan addressed in this study. Thr-317 and Thr-379 are elaborated with the M3 core glycan structure, whereas Thr-341 and Thr-414 are elaborated
with M1 core glycan structures that can be further elaborated to core M2 glycan structures. Glycan symbols follow guidelines outlined in Ref. 38. SP, signal
peptide.
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will extend the mannose in synthetic glycopeptides at positions
341 and 379 of the �-DG sequence in vitro. These results clearly
demonstrate that POMGNT1 exhibits minimal acceptor selec-
tivity between core M1 and M3 sites on these two �-DG-de-
rived glycopeptides.

In comparison, POMGNT2 showed preferential acceptor
selectivity for the known M3 site in the �-DG sequence. Radio-
label transfer assays showed no detectable transfer of the sugar
to the acceptor Man341 glycopeptide by POMGNT2 (Fig. 2A)
but did show transfer of GlcNAc to the Man379 synthetic gly-
copeptide (Fig. 2B). Parallel non-radioactive transfer assays
followed by MS analysis identified the composition of the
POMGNT2 reaction products and verified the transfer results
observed in the radioactive assays (Fig. 2, E and F). The predom-
inant peak at 791.427 m/z in the full FTMS corresponds to the
unmodified Man341 glycopeptide with a single mannose (Fig.
2E). In contrast to the results seen in Fig. 2E, the observed peak
at 899.504 m/z in the full FTMS in Fig. 2F corresponds to the
addition of an N-acetylhexosamine residue (�203) to the
Man379 glycopeptide. These results suggest that POMGNT2
preferentially modifies specific sites on �-DG intended for core
M3 glycan elaboration.

Kinetic Parameters of POMGNT1 and POMGNT2 with Syn-
thetic �-DG Glycopeptides—To further characterize the sub-
strate specificities of POMGNT1 and POMGNT2, additional
core M1 and core M3 synthetic glycopeptides were generated.
Man414 and Man317 are known O-mannosylated regions of
�-DG (18, 21). Evidence for core M3 extension at position 317
in �-DG has been shown previously (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 seven
amino acids in length and lacks the TPT motif (Table 1). How-
ever, the kinetics of Man414 with POMGNT1 have been
studied previously (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-GloTM assays. The �-DG sequences in the four synthetic
glycopeptides were all utilized by POMGNT1 as acceptors (Fig.
3, A–D). Inspection of the Km values derived from non-linear
regression analyses of the experimentally obtained values
reveals that the affinity of POMGNT1 for synthetic acceptor
glycopeptides containing a TPT motif (Man317, Man379, and
Man341) is greater than the affinity for the ShortMan414 syn-
thetic glycopeptide lacking a TPT motif (Table 1). POMGNT1
has the fastest turnover (kcat) with the Man341 synthetic glyco-
peptide, but catalytic efficiency (kcat/Km) is an order of magni-
tude greater for the core M3 synthetic glycopeptides Man317
and Man379 (Table 1).

To validate the acceptor selectivity of POMGNT2, we also
performed UDP-Glo assays with the four synthesized glycopep-
tides to investigate glycosyltransferase reaction kinetics. Trans-
fer of GlcNAc to Man341 and Man414 by POMGNT2 (Fig. 4, A
and C) was below the level of detection, whereas Man379 and
Man317 (Fig. 4, B and D) are clearly acceptor substrates for
POMGNT2 activity. The measured Km, kcat, and kcat/Km for
Man317 and Man379 synthetic glycopeptides with POMGNT2
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 POMGNT2
selectivity.

A Primary Amino Acid Motif in �-DG Is Favorable for
POMGNT2 Activity—It was suggested previously that all
O-mannosylated sites on �-DG have a conserved TPT motif at
the mannosylated threonine (18, 25), although 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 �-DG (exclud-
ing sites Thr-317 and Thr-379) are heterogeneous (Fig. 5A). To
identify primary sequence elements that govern the observed
preferences on POMGNT2 acceptor substrate selectivity,
�-DG amino acid sequences surrounding sites Thr-317 and
Thr-379 from 59 vertebrate species with orthologues of human
DAG1, POMGNT1 or POMGNT2, and FKTN or B4GAT1
were aligned using WebLogo (27) (Fig. 5B). The previously
identified TPT motif was evident in our alignment, but other

TABLE 1
Comparison of POMGNT1 and POMGNT2 kinetics with various M1 and M3 synthetic glycopeptide acceptors
An asterisk in the acceptor sequence indicates the mannosylated threonine residue. Kinetic parameters of Man341 and Man414 with POMGNT2 were not measurable as
indicated by the dash.

Acceptor Acceptor sequence Core glycan structure Km kcat kcat/Km

mM s�1 M�1 s�1

POMGNT1
Man317 PKRVRRQIHAT*PTPVTAIGPP M3 1.2 � 0.1 13 � 0.5 10 � 103

Man379 TIRTRGAIIQT*PTLGPIQPTR M3 2.6 � 0.4 32 � 3.3 12 � 103

Man379-ETP TIETPGAIIQT*PTLGPIQPTR Modified M3 0.9 � 0.1 11 � 0.4 12 � 103

Man341 IQEPPSRIVPT*PTSPAIAPPT M1 0.1 � 0.04 1.0 � 0.1 10 � 103

Man341-RPR IQRPRSRIVPT*PTSPAIAPPT Modified M1 3.2 � 0.7 13 � 1.5 4.0 � 103

Man414 YVEPT*AV M1 11 � 3.0 16 � 3.3 1.5 � 103

POMGNT2
Man317 PKRVRRQIHAT*PTPVTAIGPP M3 2.2 � 0.2 12 � 0.5 5.5 � 103

Man379 TIRTRGAIIQT*PTLGPIQPTR M3 0.8 � .04 16 � 1.4 20 � 103

Man379-ETP TIETPGAIIQT*PTLGPIQPTR Modified M3 2.9 � 0.7 11 � 1.4 3.8 � 103

Man341 IQEPPSRIVPT*PTSPAIAPPT M1 — — —
Man341-RPR IQRPRSRIVPT*PTSPAIAPPT Modified M1 6.0 � 1.1 3.3 � 1.0 0.6 � 103

Man414 YVEPT*AV M1 — — —
ShortMan379 GAIIQT*PTLGPIQPTR Modified M3 0.8 � 0.3 10 � 1.4 12 � 103
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conserved amino acids were observed that are not present
around Thr-341. 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 Pro at �1 and
the Thr at �2. Thus, the RXRXXIXXTPT motif is a proposed
conserved sequence for M3 extension (Fig. 5B).

Because this motif is only present at known core M3 sites and
not at core M1 sites, we hypothesized that the RXR portion of
the primary amino acid sequence motif of �-DG might confer
extension by POMGNT2. To test this, we synthesized a modi-
fied 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 RXR

motif. Glycosyltransferase reaction kinetics of POMGNT2 with
this modified glycopeptide were investigated by UDP-Glo
assay. In contrast to the undetectable reaction with Man341,
POMGNT2 transferred GlcNAc to Man341-RPR (Fig. 6A and
Table 1). Thus, we successfully converted a core M1 non-accep-
tor peptide into a core M3 acceptor for POMGNT2 in vitro by
the addition of our identified motif.

To further test that the RXR portion of the primary amino
acid sequence motif of �-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-ter-
minal arginine residues altered to the divergent residues of a
core M1 acceptor (Man341). We have designated this modified
core M3 glycopeptide as Man379-ETP. Glycosyltransferase

FIGURE 2. Unlike POMGNT1, POMGNT2 exhibits acceptor selectivity. A and B, radioactive assay of POMGNT1 and POMGNT2 activity with Man341 (A), an M1
acceptor, and Man379 (B), an M3 acceptor. Transfer is measured in background-corrected dpm. Error bars represent S.E. of three replicates. C and D, FTMS
spectra verifying POMGNT1-extended Man341 (1.16-ppm mass accuracy) (C) and POMGNT1-extended Man379 (2.53-ppm mass accuracy) (D). The green circle
represents a mannose, and the blue square represents an N-acetylglucosamine (38). E and F, FTMS spectra verifying POMGNT2 Man341 product (1.11-ppm mass
accuracy) (E) and POMGNT2-extended Man379 (1.11-ppm mass accuracy) (F). The green circle represents a mannose, and the blue square represents an
N-acetylglucosamine (38).
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reaction kinetics of POMGNT2 with this modified glycopep-
tide were investigated by UDP-Glo assays. In comparison with
the kinetics of POMGNT2 with Man379, POMGNT2 has a
lower affinity and a greater than 5-fold reduction in catalytic
efficiency for Man379-ETP (Fig. 6B and Table 1). The replace-

ment of our identified RXR motif in a core M3 acceptor with
divergent residues reduced but did not eliminate POMGNT2
activity.

Lastly, to test the necessity of the RXR portion of the primary
amino acid sequence motif of �-DG for POMGNT2 activity, we

FIGURE 3. POMGNT1 transfers to both M1 and M3 acceptors. POMGNT1 kinetics with Man341 (A), Man379 (B), Man414 (C), or Man317 (D) acceptor
glycopeptide measured by UDP-Glo assay are shown. Error bars represent S.E. from three experiments. See Table 1 for a list of kinetic parameters.

FIGURE 4. POMGNT2 only transfers to M3 acceptors. POMGNT2 kinetics with Man341 (A), Man379 (B), Man414 (C), or Man317 (D) acceptor glycopeptide
measured by UDP-Glo assay are shown. Error bars represent S.E. from three experiments. See Table 1 for a list of kinetic parameters.
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synthesized a truncated version of the Man379 M3 glycopep-
tide that we refer to as ShortMan379. The N terminus of this
glycopeptide begins immediately following the RXR motif. Gly-
cosyltransferase reaction kinetics of POMGNT2 with this trun-
cated glycopeptide were investigated by the UDP-Glo assay.
POMGNT2 utilized ShortMan379 as an acceptor substrate
with an affinity similar to Man379 but with a less than 1-fold
reduction in catalytic efficiency (Fig. 6C and Table 1). Thus, the
RXR portion of the motif appears to not be essential in the
context of a synthetic peptide for POMGNT2 activity.

Discussion

Although POMGNT2 is poised to modify �-DG in the ER
before it encounters POMGNT1 in the cis-Golgi, only two M3
sites have been identified on �-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 syn-
thetic peptides as acceptor substrates for POMGNT1 and
POMGNT2.

Using a set of O-Man glycopeptide substrates, we have
shown that POMGNT2 has a preference for acceptors with
mannosylated residues at positions Thr-317 and Thr-379,
whereas POMGNT1 has no significant acceptor substrate pref-
erences among the various synthetic glycopeptides tested (Figs.
2– 4 and Table 1). Analysis of the sites that are POMGNT2-de-
pendent demonstrate a RXRXXIXXTPT motif that is conserved
among vertebrate �-DGs (Fig. 5B). We also observed that this
sequence is not found in any of the mapped sites from other
O-mannosylated proteins (9), consistent with �-DG being the
only demonstrated protein to contain M3 glycans (Fig. 5A).
We found that replacement of a divergent sequence on a
POMGNT1 acceptor that was only missing the conserved RXR
motif converted it to a POMGNT2 acceptor, demonstrating
that replacing the two amino acids was sufficient to confer
activity (Fig. 6A). Likewise, replacement of the arginines in the
Man379 peptide with amino acids found in the M1 peptide of
Man341 reduced the efficiency of POMGNT2 to catalyze the
addition of GlcNAc to the O-Man peptide more than 5-fold
(Fig. 6B). However, although the addition of the RXR motif to
a core M1 acceptor is sufficient to make it a substrate for
POMGNT2, the complete removal of the RXR motif on a core
M3 acceptor does not abolish POMGNT2 activity (Fig. 6C).
Taken together, these results suggest that the RXR 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 that deviates from
the normal necessary and sufficient or necessary but not suffi-
cient arguments. We would rationalize that when there is
sequence upstream of the site of action, such as that actually
found in the full-length �-dystroglycan protein, non-basic

FIGURE 5. A conserved consensus sequence for POMGNT2 activity. A,
sequence alignment of 21-mer sequences of �-DG centered on known
O-mannose sites from human and rabbit (20, 21) excluding Thr-317 and Thr-
379. The logo was made using Berkeley’s WebLogo program. B, sequence
alignment of 21-mer sequences of �-DG centered on human sites Thr-317
and Thr-379 from all Ensembl vertebrates with orthologues of DAG1,
POMGNT1 or POMGNT2, and FKTN or B4GAT1 (total of 59 species; see “Exper-
imental Procedures” for a complete list). The logo was made using Berkeley’s
WebLogo program.

FIGURE 6. A primary amino acid motif in �-DG is permissible for POMGNT2 activity. POMGNT2 kinetics with Man341-RPR and Man341 (A), Man379-ETP and
Man379 (B), and ShortMan379 and Man379 (C) acceptor glycopeptides were measured by UDP-Glo assay. Error bars represent S.E. from three experiments. See
Table 1 for a list of kinetic parameters.
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amino acids replacing the RXR portion of the motif generate
steric or electrostatic clashes that prevent proper binding of the
substrate protein.

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

Our current model, based on the data presented here, is
that POMGNT2 selectivity determines which sites on �-DG
become modified with the core M3 glycan structure. In turn,
only the core M3 glycan structure can be extended by
B3GALNT2, phosphorylated by POMK, and further elaborated
to become the functional matriglycan for �-DG (2, 13). Functional
glycosylation of �-DG and, in particular, matriglycan synthesis
stemming from the POMGNT2-dependent core M3 glycan
structure are required for binding to ECM proteins with LG
domains and maintaining overall ECM integrity (11). Thus,
POMGNT2 acts a gatekeeper enzyme for functional glycosyla-
tion of �-DG.

The strict RXRXXIXXTPT motif that we have presented here
is not present on any other secreted or membrane-associated
protein in humans except for �-DG at Thr-317/319 and Thr-
379/381 (2, 13). Relaxing the sequence constraints to allow for
conservative replacements generates a motif of (R/K)X(R/
K)XX(I/L/V)XX(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 TMEM182. How-
ever, if we examine conservation of the motif in these proteins
across 59 vertebrate species, as we did for �-DG, we see poor
conservation (data not shown). This lends further support to
the working model that only �-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
POMGNT2 toward 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
RXRXXIXXTPT 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 POMGNT1 (amino acid residues 60 – 660; UniProt
Q8WZA1) and POMGNT2 (amino acid residues 25–580; Uni-
Prot Q8NAT1) were expressed as soluble, secreted fusion pro-
teins by transient transfection of HEK293 suspension cultures
(28). The coding regions were amplified from Mammalian
Gene Collection (29) clones using primers that appended a

tobacco etch virus protease cleavage site (30) to the N-terminal
end of the coding region and attL1 and attL2 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 con-
firmed. 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 comprising a 25-amino acid N-ter-
minal signal sequence from the Trypanosoma cruzi lysosomal
�-mannosidase (32) followed by a His8 tag, 17-amino acid Avi-
Tag (33), “superfolder” GFP (34), the nine-amino acid sequence
encoded by attB1 recombination site followed by the tobacco
etch virus protease cleavage site and the respective glycosyl-
transferase catalytic domain coding region. Suspension cul-
ture HEK293f cells (Life Technologies) were transfected as
described previously (28), and the culture supernatant was sub-
jected to nickel-nitrilotriacetic acid superflow chromatography
(Qiagen). Enzyme preparations eluted with 300 mM imidazole
were concentrated to �1 mg/ml using an ultrafiltration pres-
sure cell membrane (Millipore) with a 10-kDa molecular mass
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 glyco-
peptides (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
(CEM Corp. Liberty microwave synthesizer) using standard
protocols in the instrument software on Rink amide resin (�0.5
meq/g; Novabiochem) via an NR-N-(9-fluorenyl)methoxycar-
bonyl (Fmoc)-based approach with N,N-dimethylformamide
(DMF) as the primary solvent. 20% 4-methylpiperidine in DMF
was used for Fmoc removal. 2-(1H-Benzotriazole-1-yl)-oxy-
1,1,3,3-tetramethyluronium hexafluorophosphate/1-hydroxy-
benzotriazole in the presence of N,N-diisopropylethylamine
(DIPEA) were used as the coupling reagents for standard amino
acids. For the coupling of the glycosylated amino acid Fmoc-
Thr(�-D-Man(Ac)4)-OH (Sussex Research), the peptide resin
was removed from the synthesizer, and coupling was per-
formed manually using a CEM Corp. Discover microwave
apparatus. 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetram-
ethyluronium hexafluorophosphate and 1-hydroxy-7-azaben-
zotriazole in the presence of DIPEA were the activating
reagents. Typically two couplings at �1.5-fold excess of glyco-
sylated amino acid to the resin loading were done for this amino
acid to conserve reagent. Upon completion of the manual cou-
pling reaction, as determined by matrix-assisted laser desorp-
tion/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 O-acetyl protection on the mannosyl residues was subse-
quently removed by two successive treatments with hydrazine/
MeOH (70:20, v/v) for an hour each. Glycopeptides were then
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cleaved from the resin as C-terminal carboxamides with simul-
taneous removal of remaining amino acid side chain protection
through treatment with TFA/triisopropylsilane/H2O (95:2.5:
2.5) for �4 h. The resin was filtered off, and the TFA solution
was concentrated on a rotary evaporator to a few milliliters. The
remaining concentrate was added dropwise to cold ether from
which the crude glycopeptides precipitated. After centrifuga-
tion and removal of the ether supernatant, the glycopeptides
were redissolved and purified via HPLC over an Ultra II 250 �
10.0-mm 5-�m C18 column (Restek Corp.) 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 supple-
mental Fig. 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 MnCl2, 2 mM UDP-GlcNAc mixed with 10 nCi of 3H-la-
beled UDP-GlcNAc and 1 mM glycopeptide acceptor. Reactions
were incubated for 21 h at 37 °C, then quenched by addition of
5 �l of 1% TFA, and boiled at 100 °C for 5 min. Reaction prod-
ucts were purified by reverse-phase separation using C18 Sep-
Pak microspin columns (The Nest Group) by loading and wash-
ing with 0.1% formic acid and elution with 80% acetonitrile
with 0.1% formic acid. Disintegrations per minute (dpm) were
counted using a liquid scintillation counter (Beckman) to deter-
mine the amount of [3H]GlcNAc incorporated into the glyco-
peptides. The data presented represent the average of at least
three independent experiments.

Mass Spectrometry—Cold glycosyltransferase reactions used
for analysis by mass spectrometry were carried out identically
to the radioactive transfer assays but without radioactive
UDP-GlcNAc. After reverse phase separation, the product was
vacuumed to dryness and resuspended in 100 �l of 0.1% formic
acid. Samples were filtered using a 0.2-�m Nanosep microcen-
trifuge filter (Pall Life Sciences) and transferred to an autosam-
pler vial with glass insert (Thermo ScientificTM). The samples
were run on a Thermo Scientific Orbitrap FusionTM LumosTM

mass spectrometer. Full Fourier transform MS Spectra were
analyzed using Xcalibur Qual Browser software, and MS/MS
scans were analyzed using ByonicTM 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 man-
ual interpretation.

UDP-Glo Glycosyltransferase Assays—UDP-Glo glycosyl-
transferase assays (Promega) were performed using 50 mM

Tris-HCl (pH 7.5), 5 mM MnCl2, 100 �M UDP-GlcNAc, 40 ng of
enzyme, and varying amounts of glycopeptide acceptor sub-
strates at 37 °C for 2 h in a white, flat bottom, 384-well plate.
After the 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 param-
eters were extracted from the data after fitting to the Michae-
lis-Menten equation using the non-linear regression fit in
GraphPad Prism version 7.1. The data presented represent the
average of at least three independent experiments.

WebLogo Consensus Sequence Alignment—All vertebrate
species available on the Ensembl genome browser (release
85) (36) with orthologues of human DAG1, POMGNT1 or
POMGNT2, and FKTN or B4GAT1 (Xenopus tropicalis,
Latimeria chalumnae, Anolis carolinensis, Choloepus hoff-
manni, Tursiops truncatus, Pelodiscus sinensis, Meleagris gal-
lopavo, Gallus gallus, Anas platyrhynchos, Taeniopygia gut-
tata, Ficedula albicollis, Dipodomys ordii, Echinops telfairi,
Ochotona princeps, Loxodonta africana, Procavia capensis, Myotis
lucifugus, Cavia porcellus, Rattus norvegicus, Mus musculus, Eri-
naceus europaeus, Dasypus novemcinctus, Otolemur garnettii,
Ictidomys tridecemlineatus, Bos taurus, Ovis aries, O. cuniculus,
Mustela putorius furo, Canis lupus familiaris, Felis catus, Ailu-
ropoda melanoleuca, Tarsius syrichta, Tupaia belangeri, Pteropus
vampyrus, Sus scrofa, Equus caballus, Callithrix jacchus, Papio
anubis, Macaca mulatta, Chlorocebus sabaeus, Nomascus leucog-
enys, Gorilla gorilla, Pan troglodytes, Homo sapiens, Ornithorhyn-
chus anatinus, Macropus eugenii, Monodelphis domestica, Sar-
cophilus harrisii, Lepisosteus oculatus, Danio rerio, Astyanax
mexicanus, Tetraodon nigroviridis, Takifugu rubripes, Oryzias
latipes, Xiphophorus maculatus, Poecilia formosa, Gadus morhua,
Gasterosteus aculeatus, and Oreochromis niloticus) were aligned
to human DAG1 using Clustal Omega (37). The 10 amino acids
upstream and downstream of the threonine at position 317 and
379 in human DAG1 for all species were extracted from the align-
ment and used for analysis in Berkeley’s WebLogo program (ver-
sion 3) (27).
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