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Abstract

Defects in the O-mannosyl glycan of a-dystroglycan (a-DG) are associated with a-
dystroglycanopathy, a group of congenital muscular dystrophies. While «-DG has
many O-mannosylation sites, only the specific positions can be modified with the
functional O-mannosyl glycan, namely, core M3-type glycan. POMGNT?2 is a gly-
cosyltransferase which adds p1,4-linked GlcNAc to the O-mannose (Man) residue
to acquire core M3-type glycan. Although it is assumed that POMGNT?2 extends the
specific O-Man residues around particular amino acid sequences, the details are not
well understood. Here, we determined a series of crystal structures of POMGNT2 with
and without the acceptor O-mannosyl peptides and identified the critical interactions
between POMGNT? and the acceptor peptide. POMGNT?2 has an N-terminal catalytic
domain and a C-terminal fibronectin type III (FnlIl) domain and forms a dimer. The
acceptor peptide is sandwiched between the two protomers. The catalytic domain of
one protomer recognizes the O-mannosylation site (TPT motif), and the FnIIl domain
of the other protomer recognizes the C-terminal region of the peptide. Structure-based
mutational studies confirmed that amino acid residues of the catalytic domain interact-
ing with mannose or the TPT motif are essential for POMGNT2 enzymatic activity. In
addition, the FnIIl domain is also essential for the activity and it interacts with the pep-
tide mainly by hydrophobic interaction. Our study provides the first atomic-resolution
insights into specific acceptor recognition by the FnlIl domain of POMGNT2. The
catalytic mechanism of POMGNT?2 is proposed based on the structure.

KEYWORDS
core M3, fibronectin type III domain, glycosyltransferase, muscular dystrophy, a-dystroglycanopathy

Rieko Imae and Naoyuki Kuwabara contributed equally

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Genes to Cells published by Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd.

Genes Cells. 2021;26:485-494.

wileyonlinelibrary.com/journal/gtc 485



IMAE ET AL.

ﬁl—Wl DS Genes to Cells

1 | INTRODUCTION

The dystrophin-glycoprotein complex (DGC) is a plasma
membrane-localized protein complex that connects compo-
nents of the extracellular matrix (ECM), such as laminin,
with the actin cytoskeleton. In muscles, DGC is thought to
provide physical stability to the sarcolemma, and deficiency
of the DGC components is the cause of muscular dystro-
phies, a heterogeneous group of genetic disorders that cause
progressive muscle weakness. a-Dystroglycan (a-DG), a
key component of the DGC, is present on the cell surface
and binds to the ECM components. a-DG is modified with
O-mannosyl glycan, a type of O-glycan in which the reduc-
ing terminal mannose (Man) is attached to proteins via side
chains of Ser or Thr residues. a-DG is highly glycosylated
with O-mannosyl glycans on its mucin-like domain (resi-
dues 316-485) (Harrison et al., 2012; Nilsson et al., 2010;
Stalnaker et al., 2010). The O-mannosyl glycans are classi-
fied into three core structures based on the linkage of GIcNAc
to the O-Man residue: core M1 (GlcNAcp1-2Man), core M2
[GlcNACcB1-2(GlcNAcf1-6)Man], and core M3 (GalNAcf1-
3GIcNAcp1-4Man) (Chiba et al., 1997; Endo, 2019; Sheikh
et al., 2017; Yoshida-Moriguchi et al., 2013; Manya &
Endo, 2017; Inamori et al., 2004). a-DG from skeletal mus-
cle contains many core M1-type glycans, but it is the core
M3-type glycan which is essential for binding to the ECM
components (Endo, 2019; Manya & Endo, 2017; Sheikh
et al., 2017). To date, it has been reported that three specific
positions on a-DG, that is, Thr317, Thr319, and Thr379, can
be modified with core M3-type glycan (Hara et al., 2011;
Yoshida-Moriguchi et al., 2010; Yagi et al., 2013).

The synthesis of O-mannosyl glycan is initiated in the
endoplasmic reticulum (ER) by protein O-mannosylation via
POMT1/POMT?2 (Manya et al., 2004). During the core M1
synthesis, the GIcNAcf1-2Man structure is formed by protein
O-mannose N-acetylglucosaminyltransferase 1 (POMGNT1)
in the Golgi (Yoshida et al., 2001). Then, various peripheral
structures are formed on core M1 (Harrison et al., 2012;
Morise et al., 2014; Harrison et al., 2012; Nilsson et al., 2010;
Stalnaker et al., 2010). Meanwhile, the core M3 structure is
synthesized in the ER by the addition of f1,4-linked GlcNAc
to the initial Man residue by POMGNT?2 and the addition of
GalNAc to the GIcNAc by B3BGALNT?2 (Yoshida-Moriguchi
et al., 2013). Afterward, a Man residue is phosphorylated at
the C6 position by POMK (Yoshida-Moriguchi et al., 2013),
and a-DG is transported to the Golgi, where core M3-type
glycan is further modified. In the Golgi, the first ribitol phos-
phate (RboP) is transferred to the GalNAc by FKTN, and
the second RboP is transferred to the first RboP by FKRP,
to form a tandem RboP structure (Kanagawa et al., 2016).
Then, a GlcAP1-4Xylp1-4 unit is formed by the sequen-
tial action of RXYLT1 and B4GAT1 (Manya et al., 2016;
Praissman et al., 2014; Willer et al., 2014). Finally, the

(-3GlcAB1-3Xylal-) repeating unit, which is required for
the binding to the ECM components (Yoshida-Moriguchi
& Campbell, 2015), is synthesized by LARGE (Inamori
et al., 2012), forming a functional core M3-type glycan. All
genes encoding the enzymes involved in the core M3-type
glycan synthesis are associated with a-dystroglycanopathy,
a group of muscular dystrophies with neuronal abnormalities
(Endo, 2019; Manya & Endo, 2017; Sheikh et al., 2017).

As described above, three specific O-Man positions on
o-DG are modified by POMGNT?2 in the ER, and the re-
maining O-Man residues are modified by POMGNT1 in the
Golgi. This suggests that POMGNT?2 selects the specific O-
Man residues in advance of POMGNT1 action. Previously,
Halmo et al. reported that POMGNT]1 is promiscuous for
O-mannosylated peptides, whereas POMGNT?2 displays sig-
nificant primary amino acid selectivity near the site of O-
mannosylation (the TPT motif). They also proposed that the
RXR motif at the N-terminal side of the O-Man-modified
residue contributed to the acceptor selectivity of POMGNT?2
(Halmo et al., 2017). However, elimination of RXR had
only moderate effects on the POMGNT2 activity (Halmo
et al., 2017). This indicates that the POMGNT?2 acceptor se-
lectivity is not explained solely by the presence or absence of
the RXR motif. Other critical amino acid sequences or motifs
for the recognition by POMGNT?2 are unknown. In addition,
POMGNT?2 is known to contain a unique fibronectin type
[II (Fnlll) domain (Manzini et al., 2012). According to the
Cazy database, in vertebrates, POMGNT2 is the only gly-
cosyltransferase that has an Fnlll domain, but its function is
unclear. In addition, how GIcNAc is transferred from UDP-
GlcNAc to the O-Man residue of a-DG by POMGNT?2 is un-
solved. To better understand how POMGNT?2 recognizes the
substrates, including the functional role of the Fnlll domain,
we here performed a structural study of POMGNT2 and elu-
cidated recognition mechanisms of donor and acceptor sub-
strates. We found that an acceptor substrate was sandwiched
between the two protomers of POMGNT?2 dimer. We then
show the importance of both the O-mannosylation site (TPT
motif) and the hydrophobic residues at the C-terminal side
of the O-Man-modified residue. These amino acids are rec-
ognized by both the catalytic domain and the characteristic
FnlIll domain of POMGNT?2. Finally, we propose the cata-
lytic mechanism of POMGNT2.

2 | RESULTS

2.1 | Structure of POMGNT2 consisting of
catalytic and FnIII domains

A soluble form of bovine POMGNT?2 (sPOMGNT?2, residues
45-580) was expressed in HEK293S GnT- cells, purified,
and crystallized. The phase information of the crystal was
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determined experimentally by the iodide-SAD method using
an Nal-soaked crystal (Appendix S1: Table S1). POMGNT2
belongs to the GT61 glycosyltransferase family in the Cazy
database, and this is the first crystal structure in the GT61
family of proteins. There are two SPOMGNT2 (molecules
A and B) and two UDP molecules in the asymmetrical unit
(Figure la and Appendix S1: Figure Sla). The structures
of the two SPOMGNT?2 protomers are almost identical (the
r.m.s.d. of the Ca carbon is 0.317 A). The two protomers in-
teract with each other via 24,847 A? as determined by ePISA
(Krissinel & Henrick, 2007). This tight interaction suggests
that POMGNT?2 functions as a dimer.

One sSPOMGNT?2 molecule consists of an N-terminal cat-
alytic domain (residues 53-476) and a C-terminal FnlII do-
main (residues 477-580) (Figure 1b). The catalytic domain is
composed of two Rossmann-like folds (N-lobe and C-lobe),
as expected for a GT-B fold that is widely found in glycosyl-
transferases (Breton et al., 2006). We could build the crystal
structure of the N-lobe (residues 53-277) and C-lobe (resi-
dues 286—476) in both protomers, but we could not build a
loop region connecting them (residues 278-285) due to the
poor electron density. FnIIl domains have been found in many
intracellular and extracellular proteins among diverse species
(>7,800 in UniProt lists), and many of them include an ex-
tended array of Fnlll (Maurer et al., 2015), but sSPOMGNT?2
has a single FnlIl domain. The FnlIl domain interacts with
the N-lobe of another protomer of sSPOMGNT?2 and forms a
domain-swapped dimer (Figure 1a). In addition, the N-lobes
of two protomers interact with each other and contribute a
dimer formation. These two interactions lead to the formation
of a wide protomer-protomer interface.

2.2 | Catalytic active site

The UDP molecule, which is thought to be carried over
from cultivated cells, was found in the catalytic domain
(Figure 1a,b and Appendix S1: Figure S1). The UDP is lo-
cated in the groove formed by the N-lobe and C-lobe, just
as in the other GT-B glycosyltransferases. In the C-lobe of
sPOMGNT2, a unique insertion (residues 395-451) is found,
which is conserved among POMGNT?2 orthologues but not
in other typical GT-B glycosyltransferases (Appendix S1:
Figure S2) (Lairson et al., 2008). The groove around the ac-
tive site of SPOMGNT? is larger than those of other GT-B
glycosyltransferases via an interaction of the insertion region
with part of the N-lobe (residues 247-251).

Three charged amino acids (Asnl63, Arg294, and
Arg298) and an amino acid with a hydroxyl group (Tyr447)
of sSPOMGNT?2 make hydrogen bonds with the - and a-
phosphates of UDP, respectively (Figure 1c and Appendix S1:
Table S2). The uridine moiety of UDP is recognized by Glu324
by a hydrogen bond. The amino acid residues, Leul64, Thr295,
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GIn296, Asn297, Ala347, and GIn348, surround UDP and con-
tribute to the binding (Appendix S1: Table S3). Since UDP-
GIlcNAc is a donor substrate for POMGNT?2, we considered
that recognition of its f-phosphate would be important for the
enzymatic activity. To confirm this, we constructed three ala-
nine replacement mutants (N163A, R294A, and R298A), and
measured their enzymatic activities. They completely lost the
activity (Figure 1d), suggesting that these three charged amino
acids are essential for the enzymatic reaction. In addition, for
the enzymatic assay, divalent metal cations were not required
for POMGNT2 activity (Appendix S1: Figure S3). It is con-
sistent with the facts that glycosyltransferases belong to the
GT-B family do not require a divalent cation for their activity
(Nagae et al., 2020), and no metal ions were found in our crystal
structures.

2.3 | Mannosyl peptide complex
Next, we investigated the recognition mechanism of specific
O-Man by POMGNT?2. Of the three specific O-Man posi-
tions, Thr317, Thr319, and Thr379, on a-DG that can be mod-
ified by POMGNT?2 (Hara et al., 2011; Yoshida-Moriguchi
etal.,2010; Yagi at al., 2013), we focused on Thr379 because
Thr317 and Thr319 are close to each other and thus mutating
these residues may yield results that are difficult to interpret.
Halmo et al. proposed that the RXR motif at the N-terminal
side of the O-Man-modified residue contributes to the accep-
tor selectivity of POMGNT?2 (Halmo et al., 2017). Therefore,
to examine the importance of amino acid sequences at the
N-terminal side of the O-Man-modified residue, we designed
two O-mannosyl peptides with amino acid sequences around
Thr379 (379Man long and 379Man short peptides, Table 1).
First, to compare the efficiency of these two O-mannosyl
peptides as acceptors for POMGNT?2, kinetic experiments were
performed using increasing concentrations of each peptide and
20 mM UDP-GlcNAc. POMGNT?2 activities in the presence of
the 379Man long or short peptide followed typical Michaelis-
Menten kinetics (Appendix S1: Figure S4), and the kinetic
parameters were calculated by nonlinear regression analysis
(Table 1). The K, values, 1.8 + 0.2 mM for the 379Man long
peptide and 6.7 + 0.8 mM for the 379Man short peptide, in-
dicated that the affinity of POMGNT?2 for the 379Man long
peptide was higher than that for the 379Man short peptide. On
the other hand, the k_,, value for the 379Man short peptide was
higher than that for the 379Man long peptide, and the cata-
Iytic efficiencies (k. /K,,) for the two O-mannosyl peptides
were comparable. These results suggest that the amino acid
sequences including the RXR motif at the N-terminal side of
the O-Man-modified residue play a modest role in the affinity
for POMGNT?2, but are not essential for the enzyme activity.
To reveal the additional acceptor recognition mechanism of
POMGNT?2, the crystal structures of the sSPOMGNT2, UDP,
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Crystal structure of SPOMGNT2 and its interaction with UDP. (a) Overall structure of the SPOMGN?2 dimer. Each monomer is

colored green and pale blue, and bound UDP molecules are shown in stick models. (b) Domain structure of the monomer. The N-terminal catalytic
domain consists of an N-lobe (residues 53-277, blue) and C-lobe (residues 286—476, green). The C-terminal FnlIl domain (residues 477-580)

is colored orange. (c) Interaction between sSPOMGNT?2 and UDP. Side chains of the residues which interact with UDP are shown by stick models
colored blue (N-lobe) and green (C-lobe). UDP is shown by a gray and orange stick model. Red dotted lines are hydrogen bonds. (d, left) Enzymatic
activities of the WT and N163A mutant of sSPOMGNT2. sPOMGNT?2 immunoprecipitated from the cell lysate was used because the N163A mutant
was scarcely secreted to the culture media. (d, right) Enzymatic activities of the WT, R294A, and R298A mutants of SPOMGNT2. sPOMGNT2
immunoprecipitated from the culture media was used. Insets: immunoblot analyses of SPOMGNT? proteins to normalize input SPOMGNT2.

ND means that the activities were not detected. Average values + SE of three independent experiments are shown

and O-mannosyl peptide (379Man short or long peptide) com-
plexes were determined. The 379Man short complex contains
two SPOMGNT2 molecules, two UDPs, and a peptide in an
asymmetric unit, and the 379Man long complex contains
four sSPOMGNT?2 molecules, four UDPs, and two peptides
(Appendix S1: Table S4). The r.m.s.d. value between the non-
peptide and 379Man short complex structures was 0.393 A,
indicating little conformational change by the peptide binding
(Appendix S1: Table S5). On the other hand, the values for the

379Man long complex were about 1.0 A. This might have been
caused by a crystallographic factor, because the space groups
of the nonpeptide form and the 379Man short complex were
both P2,2,2,, but that of the 379Man long complex was P2,
(Appendix S1: Table S1). In the 379Man long complex, each
peptide takes a different conformation; the orientation of one
conformer is the same as that of the 379Man short structure
(conformer 1), and the other conformer has an orientation op-
posite that of the 379Man short structure (conformer 2). The



TABLE 1 Kinetic parameters of sSPOMGNT2 with 379Man long or short peptide
Amino acid sequence K, (mM) V max (mmol/hr/pg) ke (min~") kK (mM~" min~")
379Man long Ac-TIRTRGAIIQ(Man) 1.8+0.2 279 +7.7 298 +8.2 166
TPTLGPIQPTR-NH,
379Man short Ac-Q(Man)TPTLGPIQPTR-NH, 6.7 +0.8 636 + 39 680 + 42 102

binding mode of conformer 2 is thought to be unimportant,
because there is little interaction between sSPOMGNT2 and
conformer 2. Even the alanine-replaced mutant of Glnl13,
which is the only residue making a hydrogen bond in con-
former 2, did not affect the enzymatic activity (Appendix S1:
Figure S5). Therefore, we will describe the structures of
379Man short and 379Man long conformer 1.

2.4 | Recognition mechanism of
mannosyl peptide

The nine N-terminal amino acid residues of the 379Man long
peptide were disordered and could not be modeled in our crys-
tal structure. The other region of the peptide interacts with
sPOMGNT?2 in the same way in the 379Man short and 379Man
long complexes. One end of the peptide locates near the UDP-
binding site, and the opposite end extends toward the Fnlll do-
main of another protomer (Figure 2a). Because the resolution
of the short peptide was better than that of the long peptide as
judged from the electron density maps (Appendix S1: Figure S6),
a subsequent detailed analysis of the recognition of the mannosyl
peptide was performed using the 379Man short peptide.

Mannose and the surrounding amino acids of its pep-
tide have many interactions with the catalytic domain of
sPOMGNT2 (Figure 2b and Appendix S1: Table S6).
Mannose interacts with His166 by a hydrogen bond and hy-
drophobic interaction, and with Cys436 by a hydrophobic in-
teraction. Thr(2) at the base of mannose, Pro(3), and Thr(4)
(the TPT motif) of the peptide interact with His125, Thr127,
Phel59, Asn160, Phe247, and Cys437 by a hydrogen bond or
hydrophobic interaction. To confirm the importance of these
interactions for mannosylated substrate recognition, several
alanine-substituted mutants at the respective amino acids
were constructed and their enzymatic activities were mea-
sured. As shown in Figure 2d, the HI66A and C436A mutants
completely lost the activities, suggesting that direct recogni-
tion of mannose by the residues is essential for the acceptor
substrate recognition. It was also shown that recognition of
Thr(2), Pro(3), and Thr(4) by the catalytic domain is essen-
tial for POMGNT?2, because the H125A, F159A, and C437A
mutants completely lost their activities. These results indicate
that the interactions at the TPT motif are critical for the accep-
tor substrate recognition.

Many interactions are also observed between mannosyl
peptide and the FnlIl domain of sSPOMGNT?2. Since mannose

is far from the FnlIl domain, all of the interactions observed
involved the peptide moiety. The residues of Trp525, GIn527,
Asn532, Thr533, Tyr534, Leu557, Trp559, Phe572, and
Val575 of sSPOMGNT?2 interact with the C-terminal region
of the peptide from Pro(7) to Arg(12) mainly by hydropho-
bic interactions (Figure 2c, Appendix S1: Figure S7, and
Appendix S1: Table S7). Asn532 forms additional hydrogen
bonds between the peptide. To determine whether the inter-
action at the FnIIl domain is required for acceptor substrate
recognition, a mutant SPOMGNT2 lacking the C-terminal
FnlIIl domain (T477A) was constructed. The mutant protein
completely lost the enzymatic activity (Figure 2d), suggest-
ing the importance of the FnIIl domain for acceptor substrate
recognition. It has been reported that a patient who harbored
the R445A mutant in POMGNT?2, which lacks the whole
FnIll domain, showed serious symptoms of muscular dys-
trophy (Manzini et al., 2012). We prepared a R445A mutant
protein and confirmed that its enzymatic activity was lost in
vitro (Appendix S1: Figure S8). This demonstrated that the
FnlIII domain is essential for the function of POMGNT?2.
Next, we focused on several characteristic interactions
(Figure 2c)—namely, those involving Trp525, which makes
a hydrophobic interaction with the side chain of GIn(9);
Asn532, which forms hydrophobic and hydrogen bond inter-
actions with Pro(10), Thr(11), and Arg(12); Tyr534, which
forms a hydrophobic interaction with Pro(10); Trp559, which
forms hydrophobic and CH-x interactions with Pro(7), Ile(8),
and GIn(9); and Phe572, which makes a hydrophobic in-
teraction with the side chain of GIn(9). Mutant proteins in
which each respective amino acid residue was changed to al-
anine were constructed, and their activities were measured
(Figure 2d). W559A almost entirely lost its activity and
W525A and F572A showed reduced activity. This suggests
the importance of Trp559, which exhibits multiple interac-
tions with peptide moieties. The mild reductions in activity
displayed by the W525A and F572A mutants are consistent
with the limited hydrophobic interactions observed in the
structure. Likewise, the enzymatic activity of W534A was
similar to that of the wild type, which is consistent with the
extremely limited hydrophobic interactions with the peptide.
The aromatic ring of Trp534 has a different angle from the
pyrrolidine ring of Pro(10) and did not contribute to the pep-
tide binding. Finally, the enzymatic activity of N532A was
shown to be the same as that of the wild type, suggesting that
the interaction with Pro(10), Thr(11), and Arg(12), which are
located far from mannose, may not be important even though
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FIGURE 2 Crystal structure of sSPOMGNT2 with mannosyl peptide. (a) Overall structure of the sSPOMGNT2-mannosyl peptide complex. Two
UDP (gray and orange) and a 379Man short peptide (yellow) which are shown by stick models are in the SPOMGNT?2 dimer. The different domains
of one sSPOMGNT?2 molecule are colored as described in Figure 1b, and the other sSPOMGNT?2 molecule is colored pale blue. (b) Interaction
between sSPOMGNT?2 and the 379Man short peptide in the region around mannose. The N-lobe and C-lobe of SPOMGNT?2, mannosyl peptide, and
UDP are shown by blue, green, yellow, and gray/orange color, respectively. The red and black dotted lines and an orange double dotted line are
hydrogen bonds, hydrophobic interactions, and a CH-x interaction, respectively. (c) Interaction between sSPOMGNT?2 and the C-terminal region

of the 379Man short peptide. The Fnlll domain of another molecule of SPOMGNT?2 (pale blue) different from that shown in panel B interacts

with the C-terminal region of the peptide (yellow). The types of interactions are shown in the same way as in panel (b). (d) Enzymatic activities

of SPOMGNT?2 mutants at which residues interact with mannosyl peptide. T477A is a deletion mutant which lacks the whole C-terminal FnlIII
domain. sSPOMGNT2 immunoprecipitated from the culture media was used. Inset: immunoblot analysis of SPOMGNT?2 proteins to normalize input
sPOMGNT?2. ND means that the activities were not detected. Average values + SE of three independent experiments are shown

multiple numbers of hydrogen bonds and hydrophobic inter- important functional roles through the formation of protein-
actions are observed in the structure. protein interfaces (Campbell & Spitzfaden, 1994). We demon-
strated that the mutant SPOMGNT?2 lacking an FnlIl domain
lost the enzymatic activity, which clearly demonstrated that
3 | DISCUSSION this domain is essential for its function (Figure 2d). Our struc-
tural study revealed that the FnIIl domain protrudes to form a
In addition to a catalytic domain, POMGNT?2 has an FnlII do- domain-swapped dimer (Figure 1a,b). The dimeric structure
main, which is found in mainly extracellular proteins; it plays of sSPOMGNT?2 is functionally important because an acceptor
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substrate is recognized by both the catalytic domain of one
protomer and the FnlIl domain of another protomer. This is
why the deletion of the FnlIl domain led to a loss of activity.
Notably, this type of acceptor recognition is identical to our
recent report on FKRP, which functions in the biosynthesis of
the functional core M3-type glycan (Kuwabara et al., 2020).
The acceptor substrate is recognized with different domains
of two protomers of the dimer FKRP, which recognize one
acceptor substrate. This style of sandwich recognition ma-
chinery may contribute to the specific recognition of the
acceptor.

In studying the 379Man long peptide complex structure,
we observed that the region of the N-terminal side of the O-
mannosylation site was disordered and the structure could
not be modeled. This suggests that the interaction between
POMGNT?2 and the N-terminal side of the acceptor manno-
syl peptide is weak. Such a conclusion was also supported
by the comparative kinetic study between 379Man long and
short peptides (Table 1). While the K, value of the long pep-
tide for sSPOMGNT?2 was lower than that of the short peptide,
the catalytic efficiencies for the two peptides were compara-
ble. These observations suggest that the N-terminal side re-
gion plays a modest role in the affinity for POMGNT?2 but is
not essential for the enzyme activity. This is consistent with
the finding of a previous study that the RXR motif at the N-
terminal region of the acceptor peptide contributes to the ac-
ceptor selectivity of POMGNT?2 (Halmo et al., 2017).

Mannose and its surrounding residues, Thr(2), Pro(3), and
Thr(4) (the TPT motif) of the mannosyl peptide, are recog-
nized by eight amino acid residues of the catalytic domain
of POMGNT?2: His125, Thr127, Phel59, Asnl160, His166,
Phe247, Cys436, and Cys437 (Figure 2b and Appendix S1:
Table S6). Each of the SPOMGNT2 mutants that lacked an
interaction with mannose or the TPT motif showed no enzy-
matic activity (Figure 2d). This indicates the importance of
the precise spatial arrangement of the residues of POMGNT?2
surrounding the mannose and the TPT motif of the accep-
tor substrate (catalytic domain interaction site as shown in
Figure 3). It was reported that a patient who harbored an
R158H mutation in POMGNT?2 showed serious symptoms
of muscular dystrophy (Manzini et al., 2012). We prepared
the R158H mutant protein and confirmed that its enzymatic
activity was lost in vitro (Appendix S1: Figure S8). Our anal-
ysis showed that the mutation disrupts the structure which is
required for acceptor substrate recognition.

The mannosyl peptide is also recognized by the Fnlll
domain of SPOMGNT?2 at its C-terminal region of the O-
mannosylation site by hydrophobic and CH-n interactions
(Figure 2c, Appendix Sl: Figure S7, and Appendix Sl1:
Table S7). Mutational analysis of the FnlIll domain of
sPOMGNT?2 showed a variety of effects on the enzymatic
activity (Figure 2d). We demonstrated that mutant proteins
of Trp525, Trp559, and Phe572, which interact with Pro(7),
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FIGURE 3 Schematic model of POMGNT?2 and mannosyl
peptide. Conservation of amino acid sequences of the mannosylated sites
of a-DG at around residue 379 is presented at the bottom of the figure.
The sequence alignment of 23-mer sequences of a-DG from the same
vertebrate orthologues of previous report (Halmo, 2017) was carried

out by ConSurf program (Berezin, 2004). The amino acid sequence of
the 379Man long peptide, which was used in this study, is on it. The
number corresponding to the 379Man short peptide is shown between
them. Areas shown in blue and brown boxes are regions interacting by
the catalytic domain and FnlII domain of POMGNT2, respectively. Note
that the two domains are from different molecules in the dimer

Ile(8), and GIn(9) of the mannosyl peptide, showed a reduc-
tion of enzymatic activities. The mutant proteins of Asn532
and Tyr534, which interact with Pro(10), Thr(11), and
Arg(12) of the peptide, showed almost the same activity as
the wild type. This suggests that, in the C-terminal region of
the O-mannosyl peptide, residues in close proximity to man-
nose contribute to the binding. In addition, multiple hydro-
phobic and CH-r interactions in this region contribute to the
binding of the acceptor substrate (the Fnlll domain interac-
tion site, as shown in Figure 3), which is consistent with the
general function of the FnlIl domain, namely, the formation
of protein-protein interfaces.

POMGNT?2 forms a GlcNAcf1-4Man structure on O-
manosylated o-DG at three specific positions: Thr317,
Thr319, and Thr379. By considering both the amino acid
sequences around mannose and the results of our structural
analyses, we can gain insight into the mechanism by which
POMGNT?2 attaches GlcNAc to the specific sites on a-DG. In
the case of 317-TPT-319, both Thr317 and Thr319 are modi-
fied by addition of the core M3, in contrast to the case of 379-
TPT-381, in which only Thr379 but not Thr381 is modified
(Yoshida-Moriguchi et al., 2010). Since the following amino
acid sequence of the former site is 317-TPTP-320 but that of
the latter is 379-TPTL-382, Pro followed by (Man)Thr might
be necessary for the modification by POMGNT?2 (the cata-
lytic domain interaction site, as shown in Figure 3). The FnIII
domain of sSPOMGNT?2 is also required for the interaction
at the C-terminal region of the mannosyl peptide (Figure 3).
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However, a conserved motif among the C-terminal regions of
the three O-mannosylation sites is not found (Appendix S1:
Figure S9). It suggests that recognition of this region is
achieved by a hydrophobic interaction on a specific three-
dimensional structure. One possibility is that proline is the
only amino acid that fixes the structure around the main
chain, as such proline might contribute to the specific three-
dimensional structure of this region.

A DALI search (Holm, 2020) revealed that there is no
structure with overall similarity to POMGNT?2, but the spa-
tial arrangement of the catalytic residues of POMGNT2 was
similar to that of O-linked pB-N-acetylglucosamine transferase
(OGT) (Appendix S1: Figure S10a). OGT transfers GIcNAc
from the donor substrate, UDP-GIcNAc, to the Ser/Thr of
acceptor proteins (Lazarus et al., 2011). The catalytic mech-
anism by which POMGNT?2 transfers GIcNAc may be pro-
posed based on our structural and mutational analyses and
OGT study, because both enzymes belong to the GT-B gly-
cosyltransferase family (Lazarus et al., 2011). Since His166,
Arg294, and Arg298 surround B-phosphate of UDP in the
sPOMGNT?2 structure, they may play a role in the enzymatic
reaction (Appendix S1: Figure S10a,b). At the beginning of
the reaction, His166 receives hydrogen from the 4-hydroxyl
group of mannose (step 1), the distance of 2.8 A between them
is sufficient. Then, the negatively charged oxygen of mannose
attacks the 1 position of UDP-GIcNAc from the hydrogen side,
and a GlcNAcP1-4Man bond is formed (step 2). After that,
GlcNAc is released from UDP and then an additional negative
charge remains at the B-phosphate of UDP (step 3). Arg294
and/or Arg298 donate protons to UDP to stabilize it, and the
series of reactions ends (step 4). Notably, each Arg is import-
ant for the POMGNT?2 activity (Figure 1d). However, it is dif-
ficult to judge which Arg residue is suitable as a proton donor,
because the distances between the oxygen of f3- phosphate and
the nitrogens of Arg294 (2.8 A) and Arg298 (2.7 Aand2.9 A)
are very close. In the case of OGT, His498 receives a hydrogen
from a Ser residue that is 3.5 A away. The negatively charged
oxygen of Ser attacks the 1 position of UDP-GIcNAc from
the hydrogen side, and GlcNAc is released from UDP. Then,
the negative charge remaining at the B-phosphate of UDP is
neutralized by Lys842, which is 2.7 A away from the oxygen
of p-phosphate. The basic enzymatic reaction mechanism may
be the same between POMGNT2 and OGT.

POMGNT?2 transfers GIcNAc to manosylated a-DG to
form the GlcNAcf1-4Man structure, which is a part of core
M3. So far, the only protein known to be modified with
core M3 is a-DG. Here, we identified each amino acid of
POMGNT?2 which interacts with the corresponding mannose
and its surrounding amino acid residues on the mannosyl
peptide. The TPT motif and mannose are the most important
for the recognition. In addition, both the N-terminal region
including the RXR motif and the C-terminal hydrophobic
interactions may determine the specific O-Man positions

on a-DG recognized by POMGNT2. The Fnlll domain of
POMGNT?2 is especially important for the hydrophobic in-
teraction. Our study has delineated a new manner of glycan-
linkage formation.

4 | EXPERIMENTAL
PROCEDURES

Additional descriptions of experimental procedures used in
the study are provided in Appendix S1.

4.1 | Materials

Mannosyl peptides (Table 1) were synthesized in a solid-
phase using  9-fluorenyloxymethyloxycarbonyl
(Fmoc) chemistry with N? -(9-fluorenylmethoxycarbonyl)
-0-{2,3,4,6-tetra-O-(tert-butoxycarbonyl)-a-D-mannopyra
nosyl }-threonine following the previously reported method
(Tanaka et al., 2019).

manner

4.2 | Protein expression, purification,
crystallization, and structure determination

The lumenal region of bovine POMGNT2 (sPOMGNT?2, res-
idues from 45 to the C-terminus, UniProt ID; QSNDF2) was
expressed by using a piggyBac transposon-based mamma-
lian cell expression system that was kindly provided by Dr.
James M. Rini (Li et al., 2013). Purification, crystallization,
and structure determination of SPOMGNT?2 were carried out
by the procedure described in Appendix. S1.

43 | Generation of SPOMGNT2
mutants and the enzymatic assay

The expression vector for the secreted type of human
sPOMGNT?2 (Arg24 to the C-terminus) was prepared to
measure the enzymatic activities. The expressed proteins
in HEK293T cells were isolated by anti-c-Myc antibody-
agarose, and the agarose bound proteins were subjected to
the enzymatic assay as described in Appendix S1.
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