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The complex of protein O-mannosyltransferase
1 (POMT1) and POMT?2 catalyzes the initial step
of O-mannosyl glycan biosynthesis. The mutations
in either POMTI or POMT2 can lead to
Walker—Warburg syndrome, a congenital muscular
dystrophy with abnormal neuronal migration. Here,
we used three algorithms for predicting transmembrane
helices to construct the secondary structural models of
human POMT1 and POMT2. In these models,
POMT1 and POMT2 have seven- and nine-
transmembrane helices and contain four and five poten-
tial N-glycosylation sites, respectively. To determine
whether these sites are actually glycosylated, we pre-
pared mutant proteins that were defective in each site
by site-directed mutagenesis. Three of the POMT1
sites and all of the POMT?2 sites were found to be
N-glycosylated, suggesting that these sites face the
luminal side of the endoplasmic reticulum. Mutation
of any single site did not significantly affect POMT
activity, but mutations of all N-glycosylation sites of
either POMT1 or POMT?2 caused a loss of POMT
activity. The loss of activity appeared to be due to
the decreased hydrophilicity. These results suggest
that the N-glycosylation of POMT1 and POMT2 is
required for maintaining the conformation as well as
the activity of the POMT1-POMT2 complex.

Keywords: N-glycosylation/protein
O-mannosyltransferase/POMT1/POMT2/secondary
structure.

Abbreviations: a-DG, a-Dystroglycan; Dol-P-Man,
dolichyl phosphate mannose; ER, endoplasmic
reticulum; Man, mannose; SDS—PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis;
WWS, Walker—Warburg syndrome; POMTI, protein
O-mannosyltransferase 1; POMT2, protein
O-mannosyltransferase 2; HEK, Human embryonic
kidney.

Protein O-mannosyltransferase 1 (POMT1) and
POMT2 (POMT, EC 2.4.1.109), which are located in
the endoplasmic reticulum (ER) membrane, catalyze
the initial step of O-mannosyl glycans biosynthesis,
i.e. the transfer of a mannosyl residue from dolichyl
phosphate mannose (Man) (Dol-P-Man) to Ser/Thr
residues of certain proteins (/). Mutations in POMT1
and POMT?2 are reported to cause Walker—Warburg
syndrome (WWS: OMIM 236670), an autosomal
recessive developmental disorder associated with
congenital muscular dystrophy, neuronal migration
defects and ocular abnormalities (2, 3). Previously,
we found that a-dystroglycan (¢-DG) was predomi-
nantly modified by O-mannosyl glycans, Siao2-
3GalB1-4GIcNAcB1-2Man (4), and reported that
defects in O-mannosyl glycan on a-DG cause several
a-dystroglycanopathies, which are a group of con-
genital muscular dystrophies that include WWS,
muscle—eye—brain disease (MEB: OMIM 253280)
and Fukuyama congenital muscular dystrophy
(FCMD: OMIM 253800) (5, 6). a-DG is a component
of the dystrophin—glycoprotein complex that acts as a
transmembrane linker between the extracellular matrix
and intracellular cytoskeleton (7). O-Mannosyl glycans
of a-DG have a role in binding to extracellular
matrixes such as laminin, neurexin and agrin
(4, 8—11). When o-DG fails to bind to laminin or
other molecules in the extracellular matrix as a result
of a defect in a-DG glycosylation, it is thought to
interrupt normal muscular function and migration
of neurons in the developing brain (/2). Thus,
O-mannosyl glycans are indispensable for normal
structure and function of a-DG in muscle and brain.

Several mutations in the POMTI and POMT?2 genes
were identified in patients with WWS (2, 3, 13). We
previously demonstrated that these mutations lead to
defects of POMT activity (13, 14). We also confirmed
that formation of a complex of POMTI1 and POMT2
was required for POMT activity (/5). However, the
mechanism(s) by which the mutations cause a loss
of POMT activity and the significance of complex
formation remain unclear. POMT1 and POMT?2 are
homologous to protein O-mannosyltransferases
(PMTs) in yeast. Saccharomyces cerevisiae has seven
pmts (pmtl1—7) that form hetero and homo complexes
in various combinations (/6). Yeast pmtl has been
proposed to consist of seven transmembrane helices
(17). The pmtl N-terminus and loops 2, 4 and 6 are
located in the cytoplasm, and the C-terminus and
loops 1, 3 and 5 are located in the ER Ilumen.
A large hydrophilic region (loop 5) and loop 1 have
been reported to be important for enzymatic activity
(17—19).
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Glycoprotein glycans strongly affect various biolog-
ical and physical properties of proteins, such as their
stabilities, conformations, interactions, cellular local-
izations and trafficking. The presence or absence of
N-glycans in PMTs, as well as their structures
and roles has not yet been ascertained. Human
POMTI1 and POMT?2 contain four and five potential
N-glycosylation sites, respectively. In the present
study, we used three algorithms for predicting trans-
membrane helices to construct models of the secondary
structures of human POMT1 and POMT2, and deter-
mined the topology of both POMTs by analyzing the
N-glycosylation status of potential site. Furthermore,
by removing potential N-glycosylation sites, we showed
that the N-glycans are required for POMT activity.

Materials and methods

Vector construction of POMT1 and POMT2 mutants

c¢DNAs for the most common splicing variant of human myc-tagged
POMTI (lacking bases 700—765, corresponding to amino acids
234-255) and non-tagged POMT2 were used for site-directed
mutagenesis and cloned into pcDNA 3.1 (Invitrogen Corp.,
Carlsbad, CA, USA), as described previously (/5). The POMTI
and POMT2 genes were modified with a QuickChange
Site-Directed Mutagenesis Kit (STRATAGENE, La Jolla, CA,
USA) according to the manufacturer’s instructions. All mutant
clones were sequenced to confirm the presence of the mutations.
The primer pairs used to make the mutants were: N16Q, 5-GTGA
CGGCTGACATCCAATTGAGCCTTGTGGCC-3 and 5-GGCC
ACAAGGCTCAATTGGATGTCAGCCGTCAC-3"; N435Q, 5'-C
CTGCTACATTGACTATCAAATCTCCATGCCCGCCC-3" and
5-CCTGCTACATTGACTATCAAATCTCCATGCCCGCCC-3';
N471Q, 5-GTCCGCTTTGTGCACGTGCAAACTTCCGCT
GTC-3 and 5-GACAGCGGAAGTTITGCACGTGCACAAAGC
GGAC-3'; N539Q, 5-GGTGGACGTCAGCAGGCAACTCAGC
TTCATGG-3 and 5-CCATGAAGCTGAGITGCCTGCTGACG
TCCACC-3'; N98Q, 5-GTTACTATATCCAACGTACATTTTTC
TTTGATGTGCACCCGCC-3" and 5-GGCGGGTGCACATCAA
AGAAAAATGTACGTTGGATATAGTAAC-3"; N330Q, 5-CAG
GGAACAACCTGCACCAAGCTTCCATCCCTG-3" and 5'-CAG
GGATGGAAGCITGGTGCAGGTTGTTCCCTG-3; N445Q,
5-GGTCACCGGATATGGCATACAAGGAACAGGGGAC-3'
and 5-GTCCCCTGTTCCITGTATGCCATATCCGGTGACC-3';
N528Q, 5-CCCAAGTTGCCACAAATCAGCCTGGATGTGCT
ACAG-3" and 5¥-CTGTAGCACATCCAGGCTGATITGTGGCA
ACTTGGG-3"; N583Q, 5-CGCTTCTCAGGGGTCCAAGACAC
AGATTTCCGAG-3 and 5-CTCGGAAATCTGTGTCITGGAC
CCCTGAGAAGCG-3'.

Expression of POMTs and preparation of microsomal fraction
Human embryonic kidney (HEK) 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum, 2mM L-glutamine, 100 units/ml pen-
icillin and 50 pg/ml streptomycin at 37°C with 5% CO,. Expression
plasmids were transfected into HEK293T cells using Lipofectamine
Plus reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Cells were incubated for 3 days to produce POMTI! and
POMT2 proteins. The cells were homogenized in 10mM
Tris—HCI, pH 7.4, IlmM EDTA, 250mM sucrose, | mM DTT,
with protease inhibitor mixture (3 pg/ml pepstatin A, 1 pg/ml leupep-
tin, | mM benzamidine-HCl, 1 mM PMSF). After centrifugation at
900g for 10 min, the supernatant was subjected to ultracentrifugation
at 100,000g for 1h. The precipitate was used as the microsomal
fraction. Protein concentration was determined by BCA assay
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Microsomal
fractions were solubilized with 20mM Tris—HCI, pH 8.0, 2mM
2-mercaptoethanol, 10mM EDTA and 0.5% n-octyl-p-p-
thioglucoside at 4°C. After centrifugation at 10,000g for 10min,
the supernatant was used as solubilized supernatant.

To examine the effects of tunicamycin, tunicamycin was added to
the culture medium after transfection at a final concentration of
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1 pg/ml, and the culture was continued for 3 days. A microsomal
fraction and a solubilized microsomal fraction were obtained as
described earlier.

Western blot analysis

The microsomal fractions (20 pg) or solubilized supernatants were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS—PAGE) (7.5% gel) and proteins were transferred to
a polyvinylidene difluoride membrane. The membrane was blocked
in PBS containing 5% skim milk and 0.05% Tween 20, incubated
with anti-myc (A-14) antibody (Santa Cruz Biotech, Santa Cruz,
CA, USA) or anti-POMT2 polyclonal antibody (/5), and treated
with anti-goat IgG conjugated with HRP (Santa Cruz Biotech) or
anti-rabbit IgG conjugated with horseradish peroxidase (HRP) (GE
Healthcare Bio-sciences Corp., Piscataway, NJ, USA). Proteins that
bound to the antibody were visualized with an ECL kit (GE
Healthcare Bio-sciences). As reported previously (/5), anti-POMT2
antibody did not detect endogenous POMT2 but was specific to
recombinant POMT2.

Assay for POMT activity

POMT activity was based on the amount of [°’H]-mannose trans-
ferred to a glutathione-S-transferase fusion o-dystroglycan
(GST-a-DG) as described previously (/). The reaction mixture con-
tained 20mM Tris—HCI (pH 8.0), 100nM of [*H]-mannosylpho-
sphoryldolichol (Dol-P-Man, 125,000 dpm/pmol) (American
Radiolabeled Chemical, Inc., St Louis, MO, USA), 2mM
2-mercaptoethanol, 10 mM EDTA, 0.5% n-octyl-B-D-thioglucoside,
10 pg GST-a-DG and enzyme source (80 pug of microsomal mem-
brane fraction) in 20 pl total volume. After 1 h incubation at 22°C,
the reaction was stopped by adding 150 ul PBS containing 1% Triton
X-100 (Nacalai Tesque, Kyoto, Japan), and the reaction mixture
was centrifuged at 10,000g for 10min. The supernatant was
removed, mixed with 400 ul of PBS containing 1% Triton X-100
and 10pl of Glutathione-Sepharose 4B beads (GE Healthcare
Bio-sciences), rotated at 4°C for 1h, and washed three times with
20mM Tris—HCI (pH 7.4) containing 0.5% Triton X-100. The
radioactivity adsorbed to the beads was measured using a liquid
scintillation counter.

Endo-glycosidase digestion

N-glycosidase F (PNGase F) and endoglycosidase H (Endo H) were
purchased from Roche Diagnostics K.K. (Basel, Switzerland).
The microsomal fraction (100pg) was denatured with boiling
for 3min in denaturation buffer (40pl) containing 0.1M
citrate-phosphate buffer containing 0.1% SDS, 20mM EDTA and
10 mM 2-mercaptoethanol. After the mixture was cooled, 40 pul dilu-
tion buffer containing 0.1 M citrate-phosphate buffer and 2U of
PNGase F or 0.01 U of Endo H were added. The mixture was incu-
bated at 37°C for 6 h. The pH values of the citrate-phosphate buffers
were 7.0 for PNGase F or 5.5 for Endo H.

Results

Transmembrane prediction of human POMT1 and
POMT2

The yeast O-mannosyltransferase pmtl is proposed to
have seven-transmembrane helices (/7). In this study,
the transmembrane topologies of human POMT]1 and
POMT?2 were predicted with three algorithms specifi-
cally designed to detect transmembrane alpha helices:
SOSUI (20), TMPred (27) and HMMTOP (22).
The helices predicted by the three algorithms are
shown by the colored underlines in Fig. 1, and as the
consensus helices are highlighted in yellow. These
results suggest that POMTI1 and POMT?2 have seven
and nine transmembrane helices, respectively.
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POMT1

MWGFLKRPVV_VTADI R LWRLTYPRAV 40
VFDEVYYGQY ISFYMKQIFF LDDSGPPFGH MVLALGGYLG 80
GFDGNFLWNR IGAEYSSNVP VWSLRLLPAL AGALSVPMAY]120
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[EENLLAVLSY IKFFNCOKHS PFSLSWWFWL TLTGVACSCA]200
[ —— ———————
chmv HAWHLLGDQT LSNVGADVQC 240
CMRPACMGOM RMSQGVCVFC ARAVALL VIE {LLE | 280
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e

VAFGSQVTLR NVFGKPVPCW LHSHQDTYPM IYENGRGSSH 360
QOQVTCYPFK DVNNWWIVKD PRRHQLVVSS PPRPVRHGDM 400

VQLVHGMTTR SLNTHDVAAP LSPHSQEVSC YIDYNISMPA 440
QONLWRLEIVN RGSDTDVWET ILSEVRFVHV NTSAVLEKLSG 480
AHLPDWGYRQ LEIVGEKLSR GYHGSTVWNV EEHRYGASQE 520
QRERERELHS PAQVDVSRENL SFMARFSELQ WRMLALRSDD 560
SEHEYSSSPL EWVTLDTNIA YWLHPRTSAQ IHLLGNm 600
[VSGSLAIATY ALLSIWYLLR RRRNVHDLPQ anmwv-ﬁ 640
ALCAGGWAVN YLPFELMEKT LFLYHYLPAL TFQILLL@ 680
LOHISDHLCR SQLORNSFSA LVVAWYSSAC HVSNTLRPLT 720
YGDKSLSPHE LEKALRWEDSW DILIREH 747
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POMT2

MPPATGGGLA ESELRPRRGR CGPOAARRAAG RDVAAEAVAR 40
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ARLSGNNLHN ASIPEHLAYG SVITVENLRM AIGYLHSHRH 360
LYPEGIGARQ QOVTTYLHKD YNNLWIIKKH NTNSDPLDPS 400

FPVEFVRHGD IIRLEHKETS RNLHSHYHEA PMTREHYQVT 440
GYGINGTGDS NDFWRIEVVN REFGNRIKVL RSRIRFIHLV 480
TGCVLGSSGE VLPEWGWEQL EVTCTPYLKE TLNSIWNVED 520
HINPELPNIS LDVLQPSFPE ILLESHMVMI RGNSGLKPED 560
NEFTSKPWHW PINYQGLRFS GVNDTDFRVY LLGNPVVWWL_ 600
INLLSTALYLL SGSIIAVAMQ RGARLPAEVA GLSQV'IR.E 640
@amm 680

WDILLRLCAW GLASWPLARG IHVABILSLL LGTAYSEYLE] 720
—

HPLAYGMVGP LAQDPQSPMA GLRWLDSWDF 750

— 808Ul —— HMMTOP —— TMpred [ ]TM consensus segment [l The major splicing variant of POMT1

lacks amino acids 234-255.

Fig. 1 Analysis of secondary structures of human POMT1 and POMT2. The secondary structure was predicted using three algorithms specifically
designed to detect transmembrane alpha helices: SOSUI, TMPred and HMMTOP. The consensus segments predicted by three different

algorithms were defined as the transmembrane segments: Amino acids of 17-28, 106—122, 154—171, 194—213, 266—283, 597—614 and 638—656
of human POMT1; amino acids of 54—70, 147—164, 193—210, 241-250, 285—-295, 601—619, 643—658, 670—684 and 705—720 of human POMT?2.

Transmembrane topologies of POMT1 and POMT2
by analysis of N-glycosylation site occupancy

The results of Fig. 1 suggest that each of POMT1 and
POMT?2 have two possible membrane topologies: the
N-termini of POMTI1 and POMT?2 are on the cytosolic
or luminal sides of the ER membrane or they are on
the same side (Fig. 2A and B). Because N-glycosylation
occurs only on the ER luminal side, it is possible to
determine the correct topology by examining the
N-glycosylated status of each protein. Human
POMT1 and POMT2 have four (Asnlé, Asn*,
Asn*’! and Asn539g and five (Asn98, Asn® Asn**,
Asn®® and Asn®?) potential N-glycosylation sites,
respectively. If the N-terminus of POMTI is on the
cytosolic side, Asn'® would be predicted to be on the
cytosolic side and Asn***, Asn*"! and Asn>** would be
predicted to be on the luminal side. In this case,
Asn®’ Asn*’! and Asn®*’ could be N-glycosylated.
On the other hand, if the N-terminus of POMTI1
is on the luminal side, only Asn'® could be
N-glycosylated. In the case of POMT2, if the
N-terminus is on the cytosolic side, all five Asns
(Asn®, Asn*°, Asn*, Asn®® and Asn®®) could be
N-glycosylated, while if it on the luminal side, none
could be N-glycosylated.

To determine the occupancy of each potential
N-glycosylation site, we constructed expression vectors
in which the Asn residue of each site was substituted by
Gln (Fig. 2C) and transfected them into HEK293 cells.
Fig. 3A shows a western blot analysis of six cell

cultures, each doubly transfected with wild-type
POMT2 and one of the POMTI1 variants. Three of
the mutant POMTI1s (N435Q, N471Q and N539Q)
(upper panel) were 2—3kDa smaller than the wild
type, a value corresponding to a single N-glycan
chain. Only the N16Q mutant had the same molecular
mass as the wild-type protein. The POMT?2 sizes (lower
panel) were unaffected, as expected. Similarly, Fig. 3B
shows the sizes of POMT1 and POMT?2 in cells doubly
transfected with wild-type POMTI1 and one of the
POMT2 variants. All five of the POMT2 mutants
were also 2—3kDa smaller than the wildtype (lower
panel), while POMTI1 sizes (upper panel) were
unaffected, as expected. When each mutant and wild
counterpart was expressed in the presence of tunica-
mycin, an inhibitor of initiation of N-glycosylation, all
expressed POMTs had the same molecular mass (data
not shown). These results demonstrate that all but one
of the Asn residues of the potential N-glycosylation
sites of POMT1 and POMT2 (the exception being
Asn'® of POMTI1) have an N-glycan. Because the
glycosylated Asn residues must be on the luminal
side, the N-termini of POMTI1 and POMT2 must be
on the cytosolic side of the ER membrane based on the
proposed models shown in Fig. 2. It is noteworthy that
Nilsson and von Heijine (23) reported that a potential
N-glycosylation site needed to be a distance of 12—14
amino acid residues from the membrane to be modified
actually. Thus, the proximity of Asn'® of POMTI to
the membrane may hamper the glycosylation.
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Fig. 2 Possible transmembrane topologies of human POMT1 and POMT2 (A and B), and a summary of mutations of potential N-glycosylation
sites (C). The letters N (in circles) show Asn residues of potential N-glycosylation sites and the numbers indicate amino acid positions. The
crosses in (C) indicate the substitution of Gln for Asn. The major splicing variant of POMT]I, which lacks amino acids 234—255, was used in
this study (/5). Although the model does not specify which side of the ER membrane is the cytosolic side or luminal side, our conclusion is that
the N-termini of POMT1 and POMT?2 are on the cytosolic side of the ER membrane. There are possible other models; for example, some
transmembrane helices in (A) and (B) may be non-transmembrane manner and be embedded in the membrane. However, after taking account
of seven-transmembrane helices models of yeast pmtl (/7), two possible membrane topologies are shown here.

Together, further work is necessary to determine
membrane topologies of POMT1 and POMT?2 in
the future.

Effect of N-glycosylation on POMT activity

To evaluate the contribution of the individual
N-glycans on POMT1 and POMT2 to POMT activity,
the POMTI1 or POMT2 mutants were co-expressed
with wild-type POMT2 (W2) or wild-type POMT]I
(W1), respectively. As shown in Fig. 3C and D
(hatched bars), POMT activity was significantly
greater in all transfectants than in the mock transfec-
tant. However, these activities were not accurate
because the expression levels of each mutant protein
were not equal as shown in Fig. 3A and B. Therefore,
each activity was normalized to the amount of
expressed protein. The individual N-glycosylation site
mutations had comparable POMT activity to wildtype,
except the NO98Q transfectant showed a lower
enzymatic activity to ~50% of wildtype, and N16Q,
N435Q and N471Q transfectants did to ~70% of
wildtype (Fig. 3C and D, closed bars).

Next, we generated the NQ1 and NQ2 mutants that
have no N-glycans by substitution of Gln for Asn
residues of all N-glycosylation sites of POMT1 and
POMT?2, respectively (Fig. 2C). These mutants and
wild-type POMTs were co-expressed in the following
combinations: WI1+W2, NQI+W2, WI+NQ2
and NQI1+NQ2. In the western blot analysis, NQI
and NQ2 migrated faster than wild-type POMT1 and
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POMT?2, respectively (Fig. 4A). As shown in Fig. 4B,
the POMT activities of the microsomal fractions from
three transfectants (NQI+W2, WI+NQ2 and
NQI1 + NQ2) were significantly lower than the activity
of the W1+ W2 transfectant. These results clearly
show that the N-glycans of both POMTI1 and
POMT?2 are required for expression of POMT activity.

On the other hand, after the mock and W1+ W2
transfectants were cultured in media containing
1 pg/ml tunicamycin, W1 and W2 migrated to the
same positions as NQ1 and NQ2 (Fig. 4A), respec-
tively, on SDS-PAGE (Fig. 4C). As shown in
Fig. 4D, the POMT activity of the microsomal fraction
from [W1+ W2, TN(+ )] was significantly lower than
that from W1+ W2 without tunicamycin treatment
[W1+ W2, TN(—)], indicating that the N-glycans of
both POMT1 and POMT?2 are required for POMT
activity. Importantly, the POMT activities of the
microsomal fractions from both tunicamycin-treated
transfectants [Mock and W1+ W2, TN(+)] were
strikingly decreased compared with the activity of the
non-treated mock transfectant [Mock, TN(—)]
(Fig. 4D). These results indicate that the inhibition of
N-glycosylation by tunicamycin treatment inactivated
not only the recombinant POMTs, but also the
endogenous POMTs.

Role of N-glycosylation in solubility of POMTs
To understand why removing all the N-glycans on the
POMTI1 or POMT2 destroys POMT activity, we
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assayed the solubility of the POMTs in a buffer
containing 0.5% n-octyl-B-D-thioglucoside, which is
the most effective detergent for measurement of
POMT activity (/5). As shown in Fig. 4E, POMTI1
and POMT?2 were detected in the solubilized superna-
tant from the W1 4+ W2 transfectant but not from the
other transfectants. Similarly, neither POMTI1 nor
POMT?2 was detected in the solubilized supernatant
from the tunicamycin-treated W1+ W2 transfectant
(Fig. 4F). The fact that neither POMT1 nor POMT?2
was detected in the solubilized supernatant from
NQI1+W2 and W1+NQ2 transfectants (Fig. 4E)
demonstrates that the N-glycans of both POMT1 and
POMT2 are necessary for solubilization of the
POMTI1-POMT?2 complex. These results suggest that
the inactivation of POMT was caused by the decreased
hydrophilicity of proteins as a result of removing
the N-glycans.

Endo-glycosidase treatment of POMTs

To elucidate the structures of the N-glycans on
POMTI1 and POMT2, W1 and W2 were treated with
PNGase F and Endo H. As shown in Fig. 5, each
glycosidase-treated W1 and W2 migrated to the same
molecular mass as tunicamycin-treated POMTI1 and
POMT?2, respectively, indicating that both PNGase F
and Endo H digested all N-glycan chains on W1 and
W2. Because Endo H preferentially cleaves high-Man
type N-glycans (24, ,25), the N-glycans on both
POMT1 and POMT2 were high-Man type. These
results indicate that the POMTI1 and POMT?2 reside
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in the ER, and it is consistent with our previous
report (15).

Discussion

In this study, we investigated the roles of N-glycans
attached to human POMT1 and POMT?2. The helical
consensus regions (Fig. 1) indicate that POMTI1 and
POMT2 have seven- and nine-transmembrane
domains, respectively. Human POMT1 and POMT2
contain four and five potential N-glycosylation sites,
respectively, based on their amino acid sequences.
Analysis of the sizes and activities of POMT mutants
lacking single potential N-glycosylation sites by
site-directed mutagenesis (Fig. 3) demonstrate that
three sites of POMTI1 (Asn*, Asn*’' and Asn>*)
and five sites of POMT?2 (Asngs, Asn®*, Asn*®
Asn®®® and Asn®®) are glycosylated. The finding
that only Asn'® of POMT] was not glycosylated
indicates that the glycosylated Asns are located in the
ER lumen and that Asn'® is located in the cytosol.
Any single N-glycan chain of POMT1 or POMT?2
was dispensable for POMT activity, but the elimina-
tion of all N-glycans of either POMTI1 or POMT?2
inhibited POMT activity. The cause of inactivation
of POMT has been the decreased hydrophilicity
following the loss of the N-glycans. Together, these
findings suggest that the N-glycosylation of POMTs
is required to maintain the conformation and activity
of the POMTI1-POMT2 complex.
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Fig. 3 Determination of the occupancy of the N-glycosylation sites on POMT1 and POMT2 and POMT activity of single N-glycosylation site
mutants. (A) Western blot analyses of the microsomal fractions from the cells co-transfected with POMT1 mutants and W2. (B) W1 and POMT?2
mutants. Closed triangles indicate the migration positions of fully glycosylated POMT1 and POMT2. Open triangles indicate the migration
position of the mutant proteins, which lack single N-glycan chain. Molecular weight standards are shown on the right. The mock lanes were
loaded with sample from cells transfected with vector only. The dotted lines of (A) and (B) show the migration position of fully glycosylated
POMTI1 and POMT2, respectively, for comparison with mutant proteins. The lower band of two bands detected by POMT]1 western blots
(by anti-myc antibody) was probably the degraded product. (C and D) POMT activities of the microsomal fractions obtained in (A) and (B).
Hatched bars show total POMT activities in each microsomal fraction. The activity of mock lanes indicates endogenous POMT activity of
HEK?293 cells. Closed bars show the POMT activities corrected for expression levels of POMT1 and POMT2 proteins using NIH image. Average

values = SD of three independent experiments are shown.
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Loop 5 of both POMT1 and POMT?2, which are the
largest hydrophilic regions formed on the luminal side,
have amino acid sequences that are similar to the
catalytic domains of yeast pmtl (/7, /9) and thus are
expected to be the catalytic domains of POMTI and
POMT?2. Because the N-glycosylation sites are
enriched on loop 5 (Fig. 2), it is possible that these
N-glycans contribute to the hydrophilicity and affect
the folding of the catalytic domain. The finding that
removal of N-glycans from either POMTI or POMT2
inhibited POMT activity (Fig. 4) suggests that loop 5 is
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required for the correct folding of the catalytic
center in the POMTI-POMT2 complex. However,
the N-glycans do not appear to be necessary for
formation of the POMTI-POMT2 complex. This is
because, when glycosylated and non-glycosylated
combinations of POMT mutants (NQI+ W2 and
W1+ NQ2) were expressed in the same cells, neither
protein was solubilized (Fig. 4), indicating the forma-
tion of a stable complex. A somewhat similar result
was obtained with yeast Pmtl, in which deletion of
loop 5 eliminated enzymatic activity, but did not
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Fig. 4 Effect of N-glycan deficiency on POMT activity and on solubilization efficiency. (A and C) Western blot analyses of the microsomal
fraction from cells expressing N-glycan-deficient mutants (A) and the W1+ W2 transfectants cultured with [TN(+ )] or without tunicamycin
[TN(-)] (C). (B and D) POMT activities of the microsomal fraction obtained in (A) and (C), respectively. Average values + SD of three
independent experiments are shown. (E and F) Western blot analyses of the solubilized supernatants from the cells expressing N-glycan-deficient
mutants (E) and the W1 + W2 transfectants cultured with [TN(+ )] or without tunicamycin [TN(—)] (F). Closed triangles indicate the migration
positions of fully glycosylated POMT1 and POMT?2. Open triangles indicate the migration positions of POMTs that have no N-glycan chains.
Molecular weight standards are shown on the right. The mock lanes were loaded with sample from cells transfected with vector only, indicating

endogenous POMT activity of HEK293 cells.
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Fig. 5 Endo-glycosidase digestions of POMT1 and POMT?2. The
microsomal fractions from the W1+ W2 transfectants were treated
with PNGase F or Endo H. Lane TN, microsomal fraction from the
W1 + W2 transfectant cultured with tunicamycin. Closed triangles
indicate the migration positions of fully glycosylated POMT1 and
POMT?2. Open triangles indicate the migration positions of the
deglycosylated forms of POMT1 and POMT2. Molecular weight
standards are shown on the right.

prevent Pmtl—Pmt2 interactions (/9). Together, these
results suggest that the loop Ss of human POMT1 and
POMT?2 do not have an important role in complex
formation. We previously showed that POMTI
mutants derived from WWS patients could form a
complex with wild-type POMT2, although these
complexes did not have any POMT activity (/4).
Taken together, these results indicate that complex
formation of POMTI-POMT?2 is necessary but not
sufficient for enzymatic activity.

Another question is when the POMTI-POMT2
complex is formed. We previously showed that
POMTI and POMT2 could not associate when they
were expressed individually in different cells and then
mixed (/). This suggests that the POMTI1-POMT?2
complex is formed concomitantly with translation in
the ER. Further studies are needed to clarify the
mechanism and role of complex formation and enzy-
matic activity. However, the present results show that
N-glycosylation is needed for the correct folding of
proteins and for enzymatic activity.

In the PMTs of S. cerevisiae and Mycobacterium
tuberculosis, loop 1 was found to have a role in both
enzymatic activity and complex formation (79, 26).
In POMT?2, loop 1 may also contribute to activity
because the activity of the N98Q transfectant (which
lacks the N-glycan on Asn’® on loop 1) was lower than
the activities of the wildtype and other mutants
(Fig. 3D).

Yeast PMTs and human POMTs are predicted to be
integral membrane proteins and have similar topolo-
gies with multiple transmembrane domains. However,
there are some differences. For example, Triton X-100
appeared to abolish human POMT activity (/5) but
did not inhibit yeast PMT activity (27). The difference
in detergent sensitivities may be due to differences in
the amino acid sequences of POMTs and PMTs and in
the lipid compositions of the ER membranes of
humans and yeast. In addition, it has recently been

Role of N-glycans on POMT1 and POMT2

reported that O-mannosylation of human POMTs
requires a specific amino acid sequence while yeast
O-mannosylation does not (28). This is consistent
with the fact that O-mannosylation of proteins is
common in yeast but rare in mammals. Differences
in amino acid sequences and differences in the num-
bers, positions and structures of N-glycans between
POMTs and PMTs may cause the difference of the
substrate specificity of both. Further studies are neces-
sary to elucidate the regulatory mechanism of protein
O-mannosylation.
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