Zebrafish protein O-mannosylation

B 1 ACGATGTTGEAACACCACCAGCCCAAARGCTCTTCAATCCTGGTGAGGAATAATGTTTTATTTACCGTTACTGAACTCTGCCATTGTGTTC 90

91 ATAGTGGTTTTGTTACTCACCCATTACTGTCCTCTTCATCTTCAAGAATGGACGTCAGACCGRAAGGAGAATTTCTCTCAAAGACAAGACA 180
MDVRPKB@FSQRQDT

181 CATCCGCTGTAAGACATCGAAAMACATGTAACGSTARACGAGAGEGCTGAGATTCCTTCCCAGCCTCACAATGGGACTATTAATGGTGTAR 270
SAVRHRKTCKVNERAEIPSQ?H@GTINGVN

271 ATARGAGGATCACCAAACGAGARGGAGGAGAACACATCAGTTCACCCAGCAGAGATGCTCATGTGCCCGTTTTTATTTTGGCTCTGGTGA 360

X R I T XX R EG G E E I 58 8 P 8 R D AHY # VF I L AL ¥V I

361 TAGTGTTGTCTGTATCTACACGCTTTTACARGATCACTGAGCCTCCTCATGTATGTTGGGATGAGACTCATTTTGGGARRATGGGAAGCT 450
¥ L 8 ¥y 8§ T RRPEFY KITEO®FERPEYCWYDETS HEFGEMWNGS Y
451 ATTACATTAATCGCACCTTCTTCTTTGATGTCCATCCGCCCCTTGERAAAGATGCTGATCOGCCTCGCTGGATACTTCGACAGSTTACGATS 540
YI@R‘EFFFDVHPPLGKHLIGLAGYLTGYDG
541 GGACCTTTCCCTTCATAARAGCCAGGGGACAAATATGAGCACCACAATTACTGGGGEATGAGAGCSTTCTGTGCTGCTCTTGATTCCTGTT 630
T F P FI KPP GD KUYZEU HR®HRDNY WG MEASAGTFTCAATL®SGSCL
631 TGCCTCCTTTTGCCTTTCTIGTTGTCCTGGAGCTCTCTCAGTCTTCAACAGCAGCGCTCATCGCAGCCTCTCTGCTCATCTTCGACACTG 720
P P FAFL Y VLEILSDQS 8 THAAUDLI AASTELILIT FDTSG
721 GTTGCATCACCCTGTCTCAGTATATCCTGCTGGATCCCATTCTGATGTTTTTCATCATGEGCTCGGTTCTGTGCATGGTCARATTCAACA 810
E I T L 8 g % I L LD P I L MHKNTFF I M G B8 VL WMWY K F RT
Bll COCARRGACTCGGGCCTTTCAGCTTCTCCTGGTGGTTCTGGCTGCTTCTCACAGSSCTATGCCTCTCTGEGTCTCTTGGTGTAAAGTTTS 500
Q R L G P F 8 F 8 WWPF WL LILTOGTULUGECILASGSULOGVYVYEKTFV
901 TGGGGCTGTTTGTCATTCTCTTGGTTGGARTCAACACAGCGCTTGATCTTTGGAGACTGCTTGGGGACCTCAGCTTATCTCTGGTGGATT 550
¢ L F ¥V I L L VG I NTATULUDUILWA RTYLILOGDILSILSLVWVDF
9951 TIGGGAAGCACTTACTAGCTCGASTTTTTGGGTTGATAATGCTTCCGTTGTTCTTGTACACGACAATATTCGCCATTCATTTCATTGTCT 1080
¢ ¥ ¥ L L ARV F LI ML PLPL Y TTTIPARIHKTFTIUVL

1081 GGMTGGTCCCGm‘mG‘I‘T’!‘CTTCAGCTCTGCGTT'!’CAGTC‘.I‘CGC‘l‘TGA‘ﬂ‘GGmCMTCTACAmCGCCTCCATGCCAG 1170

e R 8 G P G DG PF F S 8 AF Q 8 RL I GUNUNTILHEH A S5 M P E

1171 AGTATCTGGCATATGGCTCAGTCATAACAGT TAARAATCTGCGAATTGCAGGAGGATATTTGCACTCTCACTGGCACCTTTACCCGGAGS 1260
YL A Y@ 8 ¥ I T¥ XNLZERTIAGO YL HSHWHILY®PEG G

1261 GGGTTGGAGCTCACCAGCAGCAGGTTACTGCCTATTTACACARAGATTATAACAACCTGTGGTTGGTCARGAGACTTGACRACTCTGACG 1350
¥V G A HQQQVTATYTILHESDT YN ND NTIELWILYVYZ XKRTLTUDUENSUDD

1351 ATCTCACAGGCTCACCAGAGCTCGTCCGTCATGGTGACATCATTAGACTGGAGCATAAAGAAACTACAAGAARATCTTCATAGTCATTTCC 1440
L T 6 28 PELY REGDIIRLEEXETTSRATLT S HEH

1441 ATGAAGCGCCCCTGACCARAARACACCTGCAGGTCACAGGTTATGGCATTAATGGAAGTGGTGACGTGAATGACCTGTGGCAGGTGGAGSE 1530
BE A P L T-K K E L g ¥ TG Y G I ®G S G DV N DL WQUVEYV

1531 TGTGTGGAGGAAGGARGGGAGATCCAGTGAAGGTGCTGCGCAGTARAGTGCGTTTTCTTCATCGOGCCACAGGCTGTGTGCTCTGCTCCT 1620
C & G K 6D P Y K YL R 8 KYRPULUERAT GT ECYILC S 8

1621 CTGGAARGACCCTTCCCAARTGGGGATGGGAGCAACTGGAGGTCACATGCAGCCCGTATGTCARAGAGACCCCAAATTCGCAGTGGAACR 1710
G KT L P KW G WEGSGQW¥EUYTOCS P Y V KETDPDHN S Q W NI

1711 TTGAGGACCACATCAARCCCTARACTGCCCAACATCAGTCTTGCAGTACTCARACCCACTTTCCTGGAGATCCTCTGGGAGTCTCATATTG 1800
E D HIDNNUPIEKIL P@ I 8 L A" L K P TFULETITLJWWEZSHTIZUV

1801 TGATGATCAGGGGAAACAGTGGTTTGARGCCCARAGACAACGAGATGAACTCTARARCCCTGGCACTGGCCCATTAACTATCAGGGATTAR 1890
M I R G N 8 G L XK P KD N EM©NS K P W HW P I N Y QG UL R

1891 GGTTTTCTGGAGTGAATGARACTGAATACCETGTTTATCTCCTTGGARACCCTGTCATTTGGTGGCTGAACTTGTTARGTCTGGCTCTAT 1980
F 8 G V® ETETTYT RV ¥ LL GNP VI WWILMNILIUILSULAILTF

1981 TTGTAATCCTGCTGACGETGECTTCATTAGCCGTGCAGAGAAGAGTGAAGATGGAGGGAATGATGAAAGTGCATTGTCACACACTTATGE 2070
N Al Gl RV AR A B eh RN g BReR A GE MR G M MN-KE N E € R TOL M B

2071 AGGGTGGCGGGATGCTETTTTTEEETTEGCTGTTACACTATC TCCCATTCTACATCATGGGTCGCATACTCTACTACCATCATTACTTTC 2160
G a6 M L F L 'E W LML :EY LP EFY I BRI L ¥ % R E'Y P B

2161 CTGCCATGATGTTCAGCAGTATGCTAACAGGTATTACTCTGGACATCCTCCTTCAGAATTTIGCAGCTTCTCTTTAGCTCATCTTTATCTC 2250
A M M F 8 8 M L TG I TULODIILULGQQHWL GQULULUF S5 8 8L 8 H

2251 ATTACCTGATGAGGGGAGGTCAGTCGETGCTCCTCTTAGGGTTTATCTACAGCTTTTATCTTTTCCACCCTCTCTCCTATGGCATGAGAG 2340
¥ 'L M R'G &4 ¢ 8 YL L L G F I ¥8 P ¥ LF R PLSETY GMNMDBRG

2341 GGCCGCTGGCACATGACTCTGCCTCCTCCATGGCCGETCTCAGGTGGATGGAATCCTGGGAGTTTTAGACAAACGTTTTAAGTGTTTTCA 2430

P L A HD S A S 8 M AGLUERWMESWETF »

2431 CTTGATAARARTGT T TTCAARACTATT TCATTTGTTACATGTTCACATTTCCGTGTTGAAGGACGGCATTTAGTCTGATTTTAGGCTGTTG 2520
2521 ARRATTTTCARATAGTATTTTTGTATTGTATAARATTACGATATTTTACAGTCATGTATTTTACATARARRTTTGATGTTGTGRAACAGT 2610
2611 TGTAGCTGGACTGAAATARATTGAARAARAAAAAAAAAARAAARARARRRAAAR 2663

Fig. 1. Nucleotide sequences and deduced amino acid sequences of zPOMT] and zPOMT2. The cDNA sequences of zebrafish POMT] (A) and POMT2 (B)

genes are presented on the upper line. Deduced amino acid sequences are indicated by the single-letter amino acid codes. Potential N-glycosylation sites are
indicated by circles. Consensus polyadenylation sites are underlined.
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neuronal migration and eye anomalies (Beltran-Valero de
Bernabe et al. 2002; van Reeuwijk et al. 2005). POMT ortho-
logs have been identified in many animals, including
Drosophila (Martin-Blanco and Garcia-Bellido 1996; Willer
et al. 2002), mouse (Willer et al. 2002; Willer et al. 2004), rat
(Manya et al. 2006) and humans (Jurado etal. 1999; Willer et al.
2002). Drosophila, rat and mouse have orthologs of both of hu-
man POMT genes, and their products have protein O-
mannosyltransferase activity when only they are co-expressed
(Ichimiya et al. 2004; Manya et al. 2006; Lommel et al. 2008).
In contrast, Drosophila does not have orthologs to human or
murine protein O-mannose [31,2-N-acetylglucosaminyltransfer-
asel (POMGnT1) (Ichimiya et al. 2004). POMGnT1 catalyzes
the transfer of GleNAc from UDP-GleNAc to the protein
O-mannosyl residue (Yoshida et al. 2001; Liu et al. 2006;
Miyagoe-Suzuki et al. 2009). Therefore, it seems that the
structures of O-mannosylglycans of invertebrates are quite
different from those of vertebrates. Moreover, it has been
reported that hPOMTI1 and hPOMT2 must form a heterocom-

plex for protein O-mannosyltransferase activity (Akasaka-
Manya et al. 2006).

The zebrafish (Danio rerio) provides a readily accessible
model for human muscle diseases such as muscular dystro-
phies (Bassett and Currie 2003). Muscle specification and
differentiation follow a well-characterized time course and al-
low detailed analysis with single-cell resolution (Devoto et al.
1996). Zebrafish orthologs of proteins in the human DGC have
been implicated in muscle development, and some zebrafish
DGC orthologs have uses as models to study human muscular
dystrophy and congenital myopathy (Parsons et al. 2002; Bas-
sett and Currie 2003; Guyon et al. 2003). More recently, it has
been reported that the zebrafish has orthologs of POMTI,
POMT2, POMGnTI and other putative glycosyltransferases
expected to contribute to the synthesis of mammalian-type
O-mannosylglycan (Steffen et al. 2007; Moore et al. 2008).
Taken together, the structures of O-mannosylglycans are
thought to be similar in diverse vertebrates. Therefore, zebra-
fish may be a useful model for analyses of the biosynthetic

A

hPOMT1  li---—==--i-—famccoo—-oaa

mPOMT1 1:MGSHSTGLEETLGVLPSWLF

rPOMT1 1 :MGNRSMGREDTLGVLPSLLF

ZPOMT1 l:----=-=ce-ccmme==oc=-

hPOMT1 69: LGGFDGNFLWNRIGAEYSSNVPVWSLRLLPALAGALSVPMAYQIVLELHFS 158
mPOMT1 91: LGGFDGNFLWN'RIGAEYS‘-‘NVPE\TQL‘RLLPALAGALQVPMAYQIVLELHFS 180
rPOMT1 91 :eiu v LGGFDGNFLWNRIGAEYSSNVPWSLRLLPALAGALS'JPMAYQIVLELHFS 180
ZPOMT1 68: V] v 157
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ZPOMT1 M Y IDIGNY 3 423
hPOMT1 X TILSEVRFVHVNTS Aol 518
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rPOMT1 TILSE’\?’RFV'HVNTS LKL SGAHLPDWGF‘RQ LEVVGEI’LS' I 540
ZPOMT1 ? A E 4 JSeEIK Ry 513
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ZPOMT1 TENED 3 ; 603
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mPOMT1 FLYHYLPALTFQILLLPIVHQ : 720
rPOMT1 720
ZPOMT1 693
hPOMT1 725
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rPOMT1 747
ZPOMT1 720
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B
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zPOMT2 A 210
hPOMT2 IRPFSAPNWFWLHLT SLAGALGVKFVGLFIIQVGLNTIE 290
mPOMT2 PFSAPWWFWLSLTGIbLAGALGVIFVGLFIIaQ 360
rPOMT2 360
ZPOMT2 300
hPOMT2 HNASIPEHLAYGSVITVKNLRMAIGYLHSHRHLYPEGIGARQQQVTTYLHKDEEI
MPOMT2 HNASTPEHLAYGSVITVKNLRMAIGYLHSHRHLYPEGIGARQQQVTTYLHKDEEL
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mPOMT2 540
rPOMT2 540
zZPOMT2 477
hPOMT2 560
mPOMT2 630
rPOMT2 630
zPOMT2 567
hPOMT2 561:| TDFRVYLLGNPVVWWLNL gl LRECCQULLGHE 650
N0 i I R B INEF TSKPWHWP INYQGLRFS TDFRVYLLGNPVVWWLNL* QPPIGLPAE!'uL QYL LRGGGOLLLGW LHI P
910 'y I S B N EF T SK PWHWP INYQGLRFSGY DTDFRVYLLGNPVVWWLNL* G Lygg 1. LRGGGOLLLGH 720
ZPOMT2 568 N e . e RVKMEGMMKVECH MIFF 657
hPOMT2 AWELASUPLY, ILSLLLETAYSFYLFHPLAYGMVGPLAQEPSS 740
mPOMT2 YFHHYFPAMLF&SMLTGILWDTLLR!CAW.LAHSPL'B.I GILSLL TAY"FYLFHPLAYGMVGPLAQ;PgSP 810
rPOMT2 AWHLAPSPLE‘HIH GILSLLLY 810
zPOMT2 746
hPOMT2 750
mPOMT2 820
rPOMT2 820
2POMT2 756

pathway of O-mannosylglycans in vertebrates, the mechanisms
of muscular dystrophies, and myogenesis.

In this study, we isolated and cloned full-length cDNAs en-
coding two zebrafish POMT genes, zPOMTI and zPOMT?2,
and examined whether they have protein O-mannosyltransfer-
ase activity. We also investigated the expression patterns of
both genes during embryogenesis and in adult tissues. Further-
more, we analyzed the distribution and localization of a protein
expressed from constructs containing the 3’untranslated region
(3'UTR) of zPOMT! or zPOMT?2. Finally, knockdown analysis
using antisense morpholino oligonucleotides (MOs) was per-
formed to assess the function of protein O-mannosylation
during zebrafish development.

Results

¢DNA cloning and sequencing of zPOMT! and zPOMT?2

The full-length cDNAs encoding zPOMT! and zPOMT?2 genes
were cloned by reverse transcriptase-polymerase chain reaction
(RT-PCR) using zebrafish embryos. The complete cDNAs and
deduced amino acid sequences of zPOMTI and zPOMT?2 are
shown in Figure 1 (GenBank accession nos. AB281275 and
AB281276, respectively). zPOMT]I consisted of an open read-
ing frame (ORF) of 2160 bases encoding a conceptual
translation product of 720 amino acids with a predicted molec-
ular mass of 82,036 Da (Figure 1A). zPOMT?2 consisted of an
ORF of 2268 bases encoding conceptual translation product of
756 residues with a predicted molecular mass of 85,710 Da
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Fig. 2. Comparisons of human, mouse, rat and zebrafish POMTs, ClustalW
alignments of human (h), mouse (m), rat (r) and zebrafish (z) POMT]1 (A) and
POMT2 (B) amino acid sequences are indicated by single-letter amino acid
codes, respectively. Conserved amino acids are highlighted. (C) ClustalW
phylogenic tree of human, mouse, rat, zebrafish and Drosophila (d) POMTs
and §. cerevisiae (Sc) Pmts. The amino acid sequence of hPOMT] is a major
type that was used for assay of protein O-mannosyltransferase activity in this
study. The amino acid sequences of mPOMT2 and rPOMT2 belonged to the
testis form. The branch lengths indicate amino acid substitutions per site.

(Figure 1B). A consensus polyadenylation site (AATAAA) was
located downstream of the translation termination codon in
both zPOMTI and zPOMT?2. As shown in Figure 2, the de-
duced amino acid sequences in both zZPOMT]1 and zPOMT2
were similar to those of mammals such as human, mouse
and rat (Jurado et al. 1999; Willer et al. 2002; Willer et al.
2004; Manya et al. 2006). zPOMT1 had 66% identity to
hPOMT]1 (Figure 2A), whereas zPOMT?2 showed 70% identity
to hPOMT2 (Figure 2B). A phylogenetic analysis of 16 pro-
teins—six Saccharomyces cerevisiae Pmts (ScPmtl-6)
(Willer et al. 2002), two human (hPOMT! and hPOMT2),
two mouse (MPOMT1 and mPOMT2), two rat (rPOMT1 and
rPOMT2), two Drosophila (dAPOMTI1 and dPOMT2) and two
zebrafish (zPOMT1 and zZPOMT2)—indicates that ZPOMT] is
in the pmt4 subfamily and zPOMT2 is in the pmt2 subfamily
(Figure 2C).

Gene expression of zPOMTI and zPOMT2

Quantitative PCR was performed with early developmental
stages (Figure 3A) and all adult tissues (Figure 3B). There

were significant differences in the levels of zPOMT] and
zPOMT? expression during embryogenesis. At 0 h post fertil-
ization (hpf), both genes, zPOMTI and zPOMT2, were highly
expressed. While zPOMT! expression decreased after 6 hpf,
zPOMT?2 expression increased at 6 hpf and then decreased at
12 hpf. Furthermore, zPOMT?2 expression increased again
around 24 hpf. There were no significant differences in
zPOMT! and zPOMT? expression levels in males and females
in any adult tissue except for the liver. Interestingly, zPOMTI
and zPOMT2 were highly expressed in both testis and ovary
(Figure 3B). By means of whole-mount in situ hybridization,
mRNAs of zPOMT! and zPOMT2 were detected during early
developmental stages. Both zPOMT] (Figure 3C) and
zPOMT? (Figure 3D) transcripts were ubiquitously expressed
throughout the gastrulation, tailbud and somite stages. At 24
hpf, both zPOMTI and zPOMT2 mRNAs were detected pre-
dominantly in eyes and somites.

Localization of 3'UTRs in zPOMTI and zPOMT?2

The 3’UTR of an mRNA can affect the expression and/or local-
ization of the mRNA during development within particular
cells, including primary germ cells (Hashimoto et al. 2009).
Therefore, to investigate the function of 3’ UTRs of zPOMT]
and zPOMT?2, we fused the 3'UTR of each zPOMT to the en-
hanced green fluorescent protein (EGFP) gene (Figure 3E).
Capped mRNAs of EGFP-3'UTR of zPOMT! and zPOMT?2
were synthesized and injected into embryos at the one- to
two-cell stage. With both constructs, EGFP was distributed
throughout the whole body at 6 hpf, and EGFP was highly ex-
pressed in the eye, hindbrain and somite from 18 to 24 hpf
(Figure 3F).

Knockdown analysis of zPOMT! and zPOMT?2

Antisense MOs against zPOMT/ and zPOMT?2 were injected
into the zebrafish embryos at the one- to two-cell stage, and
the developmental progress of the morphants was compared
with that of uninjected and control MO embryos (Figure 4).
There were no significant differences between control MO
and morphant embryos until 12 hpf. At 18 hpf, both zPOMT!
MO and zPOMT2 MO embryos were developmentally delayed
in comparison with control MO (Figure 4A) and uninjected
(data not shown) embryos. At 48 and 72 hpf, zPOMTI mor-
phants showed slightly curved tails and curvature of the
somite boundaries. In contrast, ZzPOMT2 morphants at the same
stage showed more severe phenotypes—including twisted tails,
aberrant pericardium and abnormal eye pigmentation—than
did the zPOMTI morphants. Quantitative analyses of embryos
from all treatment groups were performed at 96 hpf. Each

Fig. 3. Gene expressions and whole-mount in situ hybridization for zPOMT! and zPOMT2. Quantitative PCR analyses of zPOMT] and zPOMT2 mRNAs during
early developmental stages (A) and in adult tissues (B). PCR products of zPOMT] and zPOMT2 were detected throughout early developmental stages and in all
tissues predominantly in gonads. zf-actin? and zCox] were used as internal controls for quantitative PCR in early developmental stages and adult tissues,
respectively. B, brain; E, eye: H, heart ; M, muscle : T, testis; O, ovary; LM, liver (male); LF, liver (female); IM, intestine (male); IF, intestine (female); KM, kidney
(male); KF, kidney (female); SM, spleen (male); SF, spleen (female). All reactions were performed in triplicate, and average values £ SD are shown. zPOMT! (C)
and zPOMT? (D) mRNAs were detected. Both genes were expressed ubiquitously throughout early developmental stage, and high levels of expression were
detected at 24 hpf. Arrowheads and boxes shown in the right columns at 24 hpf indicate eyes and the central parts of the somites, respectively. Boxes in 24 hpf were
enlarged and shown in the far right panels. Scale bars = 100 pm. Illustration of capped mRNA structure (E) and localization of EGFP-3'UTR of control (upper
panel), zPOMT] (middle panel) and zPOMT?2 (lower panel) (F). Arrows and arrowheads indicate the proteins corresponding to EGFP-zPOMTs 3'UTR. At 24 hpf,
EGFP-3'UTR of zPOMTI was located predominately to the eye (arrowhead), whereas EGFP-3'UTR of zPOMT2 was expressed highly in eye (arrowhead),

hindbrain (arrow), and somite (bracket). Scale bars = 100 um.
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embryo with or without MO treatment was categorized as
having normal, moderate or severe phenotypes according to
morphological characteristics (Table I). The frequency of
moderate and severe phenotypes increased with injection of
increasing amounts of zPOMT/ and zPOMT2 MOs. The
zPOMT2 MO embryos had more severe deformities than
did the zPOMTI! MO embryos (Figure 4B, Table I). For ex-
ample, aberrant eye pigmentation was observed only in
zPOMT?2 MO embryos. Finally, swim bladders were not com-
pletely formed in zPOMTI and zPOMT2 morphant embryos

%

Uninjected

Control MO

zPOMT1 MO

zPOMT2 MO

zPOMT1 MO

zPOMT2 MO
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18hpf

in comparison with uninjected or control MO embryos
(Figure 4B).

To investigate the glycosylation status of a-DG in zPOMT!
and zPOMT2 morphant embryos, we immunostained embryos
at 48 hpf with the anti-glycosylated a-DG antibody ITH6
(Figure 4C). Strong signals were detected with ITH6 in untreated
embryos. Moreover, ITH6 reactivity in control MO embryos was
also detected in the horizontal and vertical myosepta. However,
the reactivity was almost completely lost in zPOMT/ and
zPOMT2 morphants.

48hpf

Control MO




Heamatoxylin and eosin

Untreated

Control MO

zPOMT1 MO

zPOMT2 MO

Zebrafish protein O-mannosylation

IIHe

Fig. 4. Knockdown analysis of zPOMT] and zPOMT?2. (A) Sequential changes during early developmental stages (6-72 hpf) of uninjected embryos (top panel),
embryos injected with control MO (middle upper panel), embryos injected with zPOMT! MO (middle lower panel) and embryos injected with zPOMT2 MO
(bottom panel). Zebrafish embryos were injected with each MO at the one- to two-cell stage and were observed at 6, 12, 18, 24, 48 and 72 hpf. Scale bars = 200 um.
(B) 96 hpf morphants. Top panel: uninjected embryo (left side) and injected control MO (right side), embryos injected zPOMT! MO (middle panel), and embryos
injected zPOMT2 MO (bottom panel). Zebrafish embryos were injected with each MO at the one- to two-cell stages and were observed at 96 hpf. White arrowheads
indicate swim bladder. Both morphant embryos revealed curved tail, and some had abnormal pericardium (arrows). Some of the zPOMT2 morphants showed
aberrant eye pigmentation (arrowheads). Scale bars = 200 pm. (C) Whole-mount immunohistochemistry with anti-glycosylated a-DG antibody [[H6 in 48-hpf
embryos. Left panels, hematoxylin and eosin staining; right panels, ITH6 staining. [[H6 immunoreactivity was detected in uninjected and control MO but decreased
in zPOMT1 and zPOMT?Z morphants. Arrowheads represent vertical myosepta. Scale bars = 50 um.

Protein O-mannosvltransferase activity of zPOMTI and
zPOMT?2

To analyze the protein O-mannosyltransferase activity of
zPOMTI and zPOMT2, the cDNAs were cloned into an ex-

Table 1. Quantification of zPOMT morphant phenotypes at 96 hpf

Concentration (mM) Nonmal Moderate Severe
Uninjected - 97 (100.0%) 0 (0%) 0 (0%)
Control MO 1.0 65 (95.6%) 3 (4.4%) 0 (0%)
zPOMTI MO 1.0 65 (79.3%) 14 (17.1%) 3 (3.6%)
0.5 72 (93.5%) 4(5.2%) 1 (1.3%)
0.25 72 (98.6%) 0 (0%) 1 (1.4%)
zPOMT2 MO 1.0 33 (35.5%) 31 (33.3%) 29 (31.2%)
0.5 55(61.1%) 26 (28.9%) 9 (10.0%)
0.25 79 (86.8%) 5(5.5%) 7 (7.7%)

The phenotypic data shown were obtained from three independent
experiments. The number of embryos observed for each phenotypic class
is shown and also presented as a percentage of the total number of embryos
studied for each morpholino (MO). Moderate (curved tails and curvature of the
somite boundaries); Severe (twisted tail and aberrant pericardium).

pression vector. The resulting expression constructs were
transfected into human embryonic kidney 293T (HEK293T)
cells, and microsomal membranes were used for enzyme as-
say. High levels of protein O-mannosyltransferase activity
was observed only when the zPOMT! and zPOMT2 genes
were co-expressed in HEK293T cells (Figure 5). Jack bean
a-mannosidase digestion showed that the mannosyl residue
was linked to GST-a-DG by «-linkage (data not shown), as
reported previously (Manya et al. 2004). Although a single
transfection of zPOMT! in HEK293T cells did not show
any enzymatic activity, transfection of zPOMT?2 alone did re-
sult in low levels of activity. Cells co-transfected with
zPOMT1] and hPOMT2 and cells co-transfected with
hPOMTI and zPOMT?2 showed robust levels of O-mannosyl-
transferase activity. In contrast, cells co-transfected with
zPOMT] and hPOMTI and cells co-transfected with zPOMT?2
and HPOMT?2 did not show any enzymatic activity (data not
shown). These results indicated that POMT] and POMT2
from zebrafish and humans are interchangeable and that
POMTI!1 and POMT2 have different functional roles in
POMT enzymatic activity.
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1.2

Specific activity (pmol/h/mg)

“ig. 5. Protein O-mannosvitransferase activities of zPOMTs. Protein
O-mannosyltransferase activity was based on the rate of mannose transfer from
mannosylphosphoryldolichol to a GST-a-DG. Vector, cells transfected with
vector only: z1, cells transfected with zPOMTT; 22, cells transfected with
zPOMT2: z1+22, cells co-transfected with zPOMT] and zPOMT2; z1+h2, cells
co-transfected with zPOMT] and hPOMT2; hl+22, cells co-transfected with
hPOMTI and zPOMT2; h1+h2, cells co-transfected with hPOMTI and
hPOMT?. Average values = SD of three independent experiments are shown.

Discussion

Zebrafish have been useful for the study of human muscular
dystrophies and congenital myopathies (Parsons et al. 2002;
Bassett and Currie 2003; Bassett et al. 2003; Guyon et al.
2003) because zebrafish have orthologs of genes implicated
in human muscular dystrophies, including POMTI, POMT2,
POMGnTI, dystrophin, fukutin and fukutin-related protein
(FKRP) (Steffen et al. 2007; Moore et al. 2008). Recently,
it has been reported that knockdown analysis of FKRP, one
of the causative genes in a-dystroglycanopathies, resulted in
morphants that showed a pathological spectrum similar to
those of human muscular dystrophies associated with muta-
tions in FKRP (Thornhill et al. 2008). However, the
function of FKRP is not clear yet (Esapa et al. 2002; Esapa
et al. 2005; Matsumoto et al. 2004; Dolatshad et al. 2005;
Torelli et al. 2005; Beedle et al. 2007). In contrast, POMTs are
known to be protein O-mannosyltransterases. FKRP MO and
zPOMTs morphant embryos showed a reduction in the glycosy-
lated a-DG staining, indicating that FKRP may affect the
biosynthetic pathway of O-mannosylglycans (Thornhill et al.
2008).

In mammals, two protein O-mannosyltransferase (POMTs)
family members, POMTI and POMT2, are known to exist.
hPOMT]1 and hPOMT2 catalyze protein O-mannosyl transfer
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to a-DG, which serves as a protein substrate, and mutations in
the APOMTI and hPOMT2 genes result in WWS, a severe
muscular dystrophy that also results in structural alterations
in eyes and brain malformations, such as cobblestone lissence-
phaly. In this study, we have identified, cloned and expressed
the full-length cDNAs of the zZPOMT/ and zPOMT?2 genes, and
our results suggest that high levels of protein O-mannosyl-
transferase activity depends on expression of both genes. Co-
expression of both zPOMT] and zPOMT?2 genes showed high
protein O-mannosyltransferase activity similar to results from
analyses of hPOMTs. Although transfection of zPOMT] alone
did not show any enzymatic activity, transfection of zPOMT2
alone showed slight activity. These results suggest that zZPOMT2
itself has enzymatic activity, or zZPOMT2 may form a complex
with endogenous hPOMT 1 resulting in low levels of enzymatic
activity. Two heterologous protein combinations, zPOMT1 and
hPOMT?2 or zPOMT2 and hPOMT 1, resulted in robust levels of
enzymatic activity (Figure 5). This result suggests that a single
mechanism of O-mannosylation is common to humans and zeb-
rafish. On the other hand, cells co-transfected with zPOMT/ and
hPOMTI and cells co-transfected with zPOMT2 and hPOMT?2
did not show any enzymatic activity, indicating clearly that
POMTI1 and POMT?2 have different functional roles in POMT
enzymatic activity. It is not clear why protein O-mannosyltrans-
ferase activity requires co-expression of POMT1 and POMT2
(Ichimiya etal. 2004; Manya et al. 2006; Manya et al. 2004); this
study). One possibility is that POMT] is a catalytic molecule
and POMT?2 is a regulatory molecule or vice versa. Another pos-
sibility is that assembly of POMTI and POMT?2 forms a
catalytic domain. To further understand the mechanism of pro-
tein O-mannosylation, it is necessary to perform a structural
study of a complex formed by POMT1 and POMT?2.

Remarkably, overlapping expression patterns of zPOMT]
and zPOMT2 were observed by whole-mount in situ hybridiza-
tion (Figure 3C). Such overlapping pattern suggests that the
two proteins may collaborate functionally in vivo. This expres-
sion data are consistent with data suggesting that simultaneous
expression of zZPOMTI1 and zPOMT?2 is required for POMT
enzymatic activity. Interestingly, similar co-expression of
POMTs was observed in various tissues and during different de-
velopmental stages of embryogenesis in mouse and Drosophila
(Ichimiya et al. 2004; Lyalin et al. 2006; Lommel et al. 2008).
These results suggest that both protein O-mannosylation ma-
chinery and biological importance of protein O-mannosylation
may have been conserved during metazoan evolution, although
further analyses are necessary to understand the molecular me-
chanisms of protein Q-mannosylation and its evolution.

The expression levels of the two POMTs genes differed at
various developmental stages and in specific tissues of mouse,
Drosophila and zebrafish. For example, while mouse POMT2
was highly expressed in testis (Willer et al. 2002), zPOMT/
and zPOMT?2 were highly expressed in ovary and testis
(Figure 3B). Since POMT! knockout in mice results in embry-
onic lethality, protein O-mannosylation is necessary for normal
development (Willer et al. 2004). In the case of Drosophila
POMTs, the expression level of dPOMT! was higher than that
of dPOMT? from 0 to 2 h in the embryo (Ichimiya et al. 2004),
whereas the expression level of zZPOMT2 was higher than that
of zPOMTI at from 0 to 6 hpf. It was assumed that both
zPOMTI] and zPOMT2 mRNAs at these stages were derived



from maternal expression. Furthermore, the expression level of
zPOMTI decreased from 0 to 6 hpf, whereas zPOMT?2 expres-
sion was high from 0 to 6 hpf (Figure 3A). These results
suggest that the expression of zZPOMT! and zPOMT2 may be
regulated differently.

In humans, defects of protein O-mannosylation lead to
WWS (Manya et al. 2003; Akasaka-Manya et al. 2004). To un-
derstand the importance of protein O-mannosylation in
zebrafish development, we carried out the knockdown analysis
of antisense MOs against zPOMT! and zPOMT2. As a result,
zPOMT] and zPOMT?2 morphant embryos showed curved tail,
and some had edematous pericardium (Figure 4B). Since both
zPOMTI and zPOMT2 morphants showed these phenotypic
aberrations, they could not swim straight or feed at all, and
they eventually died. At 96 hpf, the phenotypes of zPOMT2
morphant embryos showed a higher incidence of more severe
phenotypes than the zPOMT! morphant embryos did (Table I),
yet immunoreactivity of IIH6 in zPOMT! and zPOMT2 mor-
phants was similar (Figure 4C). We predicted that the
phenotypes of zebrafish embryos injected with MOs against
zPOMTI and zPOMT2 would be the same or similar because
the expression patterns of the two genes were similar before 24
hpf(Figure 3). Therefore, the difference of phenotypes observed
between zPOMT! and zPOMT2 morphants in early develop-
ment of the zebrafish might be explained by the variance of
knockdown efficiency or by another function of ZPOMT?2 in ad-
dition to enzymatic activity. It may be consistent with severe
phenotypes observed in zPOMT2 embryos that only zPOMT2
morphant embryos showed aberrant pigmentation in eyes.
Fukutin-deficient chimeric mice revealed abnormalities in eyes,
indicating that corneal opacification with vascular infiltration
and eye abnormality was quite remarkable according to their
aberrant pigmentation (Takeda et al. 2003). Further studies
are necessary to reveal the role of O-mannosylglycans in the
pathogenesis of eye abnormalities.

Here, we demonstrated that zebrafish POMTs possess pro-
tein O-mannosyltransferase activity when co-expressed in
HEK293T cells. This result suggested that the protein O-man-
nosylation machinery is conserved in mammals and zebrafish.
Therefore, to elucidate whether the function and mechanism of
protein O-mannosylation related to POMT5 are evolutionarily
conserved in the vertebrates, the zebrafish should be a useful
model. It was also suggested that the zebrafish may be a useful
model for understanding the functions of glycans in the whole
body. In the knockdown analyses of zPOMT! and zPOMT2 by
MOs, no glycosylated a-DG was detected in 48 hpf embryos
(Figure 4C). Therefore, it appears that the enzymatic activity
was completely lost. Furthermore, zebrafish a-dystroglycano-
pathy models may be useful to search for chemicals that treat
a-dystroglycanopathies; the simple addition of candidate mo-
lecules to water could be developed as assays for theraputic
effectiveness.

Materials and methods

Zebrafish and embryos

Zebrafish adults were maintained at 28°C under light condition
of 14 h light period and 10 h dark period. Embryos were col-
lected from pair-wise mating of adults and kept in filter-
sterilized fresh water at 28°C.

Zebrafish protein O-mannosylation

Cloning and sequencing of the full-length ¢DNAs

Total RNAs were purified from 24 and 48 hpf embryos by using
QIAzol (Qiagen, Hilden, Germany), and cDNA fragments were
generated by RT-PCR using oligo dT primer and Superscript II
reverse transcriptase (Invitrogen Corp., Carlsbad, CA). Degen-
erated oligonucleotide primers were designed by mRNA
sequence of zebrafish POMTI1 (zPOMT]1) (accession no.
NM_001048067.2). zPOMT2 gene (accession no. AB281276)
was cloned in a zebrafish embryonic cDNA library that was syn-
thesized with a SMART ¢DNA Library Construction Kit
(Clontech, Mountain View, CA). Both zPOMTI and zPOMT2
genes were amplified with the forward primers, 5’-atgcagtgtgt-
taaactgccegteagtgt-3' and 5'-atggatgtcagaccgaaggagaattte-3”,
and the reverse primers, 5'-ttagcgtttgcgtaagagaatatcecaactcte-
3’ and 5’-ctaaaactcccaggattccatecace-3', respectively. The am-
plified ¢cDNA fragments were cloned into pT7Blue vector
(Novagen, Madison, WT), and the sequences were confirmed
by CEQ™ 2000 DNA Analysis System (Beckman Coulter,
Inc., Fullerton, CA) with a DTCS Quick Start kit (Beckman
Coulter, Inc.). The nucleotide sequence was subjected to the
basic local alignment with a BLAST search provided by the
National Center for Biotechnology Information. The se-
quences were obtained from GenBank and aligned using
CLUSTAL W (Thompson et al. 1994). A phylogenetic tree
was generated using the neighbor-joining method. TREE-
VIEW software generated visual representations of clusters
(Page 1996).

Quantitative PCR analyses

Total RNA was extracted from embryos at 0, 6, 12, 18, 24,
48, 72 and 96 hpf and the tissue samples (brain, heart, liver,
kidney, spleen, intestine, muscle, testis and ovary) of either
male or female adult zebrafish. One microgram of total
RNA was used for cDNA synthesis. First-strand ¢cDNA was
synthesized as described in the section of ¢DNA cloning
and sequencing of zPOMTI and zPOMT?2. Quantitative
PCR was carried out with SYBR Green Realtime PCR Master
Mix (TOYOBO Co. LTD., Osaka, Japan). Two microliters of
cDNA (0.1 ng/uL) was used for a template. The primers used
to detect the messages of zPOMTI and zPOMT2 were 5'-
tgttggctgtgetgtettace-3’ (forward) and 5'-catggctcaaggtte-
gatcte-3' (reverse), 5'-cctcatgtatgttgggatgagac-3' (forward)
and 5'-gaaccaagagcagcacagaac-3' (reverse), respectively. The
primers for zf-actin2 and zCox—5'-agttcagccatggatgatgaaa-
3’ (forward) and 5’-accatgacaccctgatgtct-3’ (reverse), 5'-
ttggecacccagaagtctac-3' (forward) and 5'-getegggtgtetacate-
cat-3' (reverse), respectively—were used as internal controls.
Annealing temperatures were 63°C for zPOMTI and zPOMT?2,
52°C for zfactin2 and 54°C for zCox/. Melting curves were
calibrated by LineGene (NIPPON Genetics Co. LTD., Tokyo,
Japan).

Whole-mount in situ hybridization

Antisense probe synthesis was performed using a Digoxigenin
(DIG) RNA Labeling Kit (Roche Diagnostics, Basel, Switzer-
land). Zebrafish embryos were collected after spawning and
maintained at 28°C. Embryos at 0, 6, 12, 18, 24, 48, 72 and
96 hpf were fixed with 4% paraformaldehyde (PFA)-phos-
phate-buffered saline (PBS), dehydrated and kept in methanol
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at —80°C. The embryos were rehydrated in PBS, and hy-
bridization of a DIG-labeled RNA probe was carried out
in a hybridization buffer containing 50% formamide, 25%
20=SSC, 1% Tween20, 9 mM citric acid and 1 mg/ml heparin
at 65°C for 16 h. Embryos hybridized with a DIG-labeled
RNA were incubated with anti-DIG antibody conjugated to
alkaline phosphatase (Roche Diagnostics) (1:2000) at 4°C
for 12 h, stained with BM purple (Roche Diagnostics) at
room temperature for 2 h and fixed with 4% PFA-PBS. The
embryos were observed using ECLIPSE E600 (Nikon Corp.,
Tokyo, Japan).

Localization of 3'UTRs in zPOMTI and zPOMT2 genes

The EGFP gene was cloned into pSP72 vector (Promega, Ma-
dison, WI). The3'UTRs of zPOMTI and zPOMT?2 were fused
separately downstream of EGFP gene. The 3'UTR of zebrafish
NUDT?2 was used as a control. Capped mRNAs of EGFP-
zPOMT;s-3'UTR were synthesized using mMESSAGE mMA-
CHINE High Yield Capped RNA Transcription Kit (SP6,
Ambion Inc., Austin, TX). Capped mRNAs at a concentration
of 0.05 pg/ul were injected into fertilized eggs from one to
two cells. The embryos were observed until 24 hpf using
ECLIPSE E600 and a mercury lamp (Nikon).

Knockdown analysis of zPOMTI and zPOMT2

Antisense MOs targeted to interfere with zPOMT/ and zPOMT?2
translation were purchased from Gene Tools LLC (Philomath,
OR). The antisense sequences of zPOMT/ and zPOMT?2 genes
were designed using the 50 sequence around the putative start of
translation of zPOMTI and zPOMT2 mRNA (accession nos.
AB281275 and AB281276). The morpholino sequences were
zPOMTI-MO: 5'-gacgggcagtttaacacactgeatg-3' and zPOMT2-
MO: 5'-gtecattettgaagatgaagaggac-3'. The sequence of control
MO was 5'-gtacgtcacacaatttgacgggcag-3’. MOs at a concentra-
tion of 0.25, 0.5 or 1.0 mM were injected into embryos at the
one- to two-cell stage.

Immunohistochemistry

For immunohistochemistry, embryos were fixed overnight in
4% paraformaldehyde solution, embedded in paraffin and sec-
tioned at 10 pm and mounted on slides. Sections were left to
dry for 2 h. After being dewaxed and rehydrated, some sec-
tions were stained with hematoxylin and eosin, while others
were subjected to immunohistostaining as described in (Mu-
lero et al. 2007). Anti-glycosylated o-DG IIH6 (Upstate,
Millipore, Billerica, MA) was used at a dilution of 1:100 with
PBS. Slides were washed 3% 10 min with PBS containing
0.1% Tween (PBSTw) and incubated with secondary antibody
for 1 h. The secondary antibody used was Alexa Fluor 488
Goat Anti-Mouse IgM (Molecular Probes Invitrogen Life
Technologoies Corp., Tokyo, Japan) at a dilution of 1:500 with
PBS. Embryos were fixed in 4% PFA-PBS and transferred into
100% methanol. The embryos were rehydrated in PBS contain-
ing 0.1% Tween-20 (PBT) and incubated in PBT containing
anti-glycosylated a-DG antibody (ITH6) overnight at 4°C fol-
lowed by several washes with PBT and incubation with
secondary antibody (goat anti-mouse IgM AlexaFluor-488,).
The embryos were observed using ECLIPSE E600 and a mer-
cury lamp (Nikon).
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Assay for protein O-mannosyltransferase activity

Expression plasmids of ZPOMT]1 and zPOMT2 were construc-
ted using pcDNA3.1 Hygro (+) vector (Life Technologoies
Corp., Tokyo, Japan) and confirmed by the sequencing. The ex-
pression plasmids were transfected into HEK293T cells, and the
cells were cultured for 3 days in complete medium, harvested,
and homogenized. Protein O-mannosyltransferase activity was
based on the amount of [*H]-mannose transferred from [*H]-
mannosylphosphoryldolichol to a glutathione-S-transferase fu-
sion a-DG (GST-a-DG) as described previously (Manya et al.
2004). Approximately 80 pg of microsomal membrane fractions
were collected from HEK293T cells coexpressing combinations
of POMT] and/or POMT2 genes from either human or zebra-
fish, suspended in a 20-uL reaction buffer containing 10 pg of
GST-a-DG. The reaction mixture was incubated at 22°C for 1 h,
and GST-a-DG was purified using glutathione-Sepharose 4B
beads (GE Healthcare Bio-Sciences Corp., Piscataway, NJI).
The radioactivity adsorbed to the beads was measured by using
liquid scintillation counter.
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Protein O-linked mannose j1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) catalyzes the transfer of
GlcNAc to O-mannose of glycoproteins. Mutations in the POMGnT1 gene cause muscle-eye-brain disease
(MEB). POMGnT1 is a typical type Il membrane protein, which is localized in the Golgi apparatus. How-
ever, details of the catalytic and reaction mechanism of POMGnT1 are not understood. To develop a better
understanding of POMGnT1, we examined the substrate specificity of POMGnT1 using a series of syn-
thetic 0O-mannosyl peptides based on the human a-dystroglycan («-DG) sequence as substrates. O-Man-
nosyl peptides consisting of three to 20 amino acids are recognized as substrates. Enzyme Kinetics
improved with increasing peptide length up to a length of 8 amino acids but the kinetics of peptides
longer than 8 amino acids were similar to those of octapeptides. Our results also show that the amino
acid sequence affects POMGnT1 activity. These data suggest that both length and amino acid sequence
of mannosyl peptides are determinants of POMGnT1 substrate specificity.

®© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Protein O-linked mannose B1,2-N-acetylglucosaminyltransferase
1 (POMGnNT1) catalyzes the transfer of GIcNAc to O-mannose of glyco-
proteins. POMGnT1 is responsible for muscle-eye-brain disease
(MEB), which is an autosomal recessive disorder characterized by
congenital muscular dystrophy, ocular abnormality, and brain
malformation. The human POMGnT1 gene was cloned from a cDNA se-
quence homologous to human GnT-I (UDP-GIcNAc: o-3-D-
mannoside p1,2-N-acetylglucosaminyltransferase I). Although the
overall amino acid sequence identity of POMGnT1 and GnT-I was only
23.2%, the predicted catalytic domains of both are highly homologous
[1]. Such high conservation of the catalytic domain suggests that the
reaction mechanism of POMGnNT1 is partly similar to that of GnT-L.
POMGNT1 and GnT-I are typical type Il membrane proteins that are
localized in the Golgi apparatus, and both enzymes form GIcNAcp1-
2Man linkages. A difference is that POMGnT1 catalyzes the Glc-
NAcB1-2Man linkage in O-mannosyl glycans but not in N-glycans,
while GnT-I catalyzes the same linkage in N-glycans but not in O-man-
nosyl glycans. The reason for these specificities is unclear.

Mammalian POMGnT1 is known to recognize synthetic manno-
syl-peptide and benzyl-e-p-mannose as an acceptor [1,2], but not

* Corresponding author. Fax: +81 3 3579 4776.
E-mail address: endo@tmig.or.jp (T. Endo).

0006-291X/$ - see front matter @ 2011 Elsevier Inc. All rights reserved,
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free mannose or p-nitrophenyl-e-mannose [1]. Thus, in order for
POMGnT1 to recognize mannose, the mannose must be linked to
certain other moieties.

It is known that two distinct O-fucosyl glycan-processing path-
ways exist: one is specific for epidermal growth factor-like (EGF)
repeats and the other is specific for thrombospondin type 1 repeats
(TSRs) [3,4]. O-Fucose-specific p1,3-N-acetylglucosaminyltransfer-
ase is able to modify O-fucose on an EGF repeat but not on a TSR,
while O-fucose-specific B1,3-glucosyltransferase is able to modify
O-fucose on a TSR but not on an EGF repeat. These results suggest
that enzymes responsible for elongation of glycan following O-fu-
cose are different and that each elongation enzyme strictly recog-
nizes a particular amino acid sequences or conformation. These
unique specificities of the two elongation enzymes prompted us
to examine whether adding GlcNAc to O-mannose by POMGnT1
depends on the amino acid sequence near the O-mannosylated site.
To answer this question, we analyzed the substrate specificity of
POMGNT1 using a series of synthetic 0O-mannosyl peptides.

2. Materials and methods
2.1. Materials

0-Mannosyl peptides were synthesized in a solid-phase manner
using 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry [5]. The
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structures of each mannosyl peptide were identified by "H NMR,
amino acid analysis (6 M HCl, 110°C, 24 h) and matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS).

2.2. Preparation of recombinant baculovirus and expression of soluble
His-POMGnT1

The soluble form of human POMGnT1 used as an enzyme source
was prepared using the baculovirus (Autographa californica nucleo-
polyhedro virus) expression vector system (Nosan Corporation,
Kanagawa, Japan; Protein Sciences Corporation, Meridien, CT). The
soluble POMGNT1 (Ser66-Thr660) fused His-tag and PreScission
protease cleavage site (Leu-Glu-Val-Leu-Phe-GIn-Gly-Pro) was se-
creted from expresSF+ Insect cells (Protein Sciences Corp.) by using
the Ig kappa chain secretion signal (Fig. 1A). The transfer vector for
generating recombinant baculovirus was constructed by ligating
two PCR products. The primer pairs and template plasmid DNAs
were: fragment 1 encoding the secretion signal, His-tag epitope
and protease cleavage site, 5'-GATCTAGAATGGAGACAGACACAC-3',
5'-CTGGTACCGGGCCCCTGGAACAGAACTTCCAGATGATGATGATGA
TGATGAG-3' and HX-sPOMGnT1/pcDNA3.1 Zeo(+) [1]; fragment 2
encoding Ser66-Thr660 of POMGnT1, 5'-CCCGGTACCAGTGAAGCC
AATGAAGACCC-3',  5'-TAAGATCTTCATGTCTGTTCTGGGGCTCC-3
and the POMGnT1/pcDNA3.1 Zeo(+) [1]. The pcDNA3.1 Zeo(+) was
purchased from Invitrogen (Carlsbad, CA). Two fragments were li-
gated at an Acc65 [ site and introduced into the Xba | site and Bgl 11
sites of pPSC8 (Protein Sciences Corp.). The recombinant baculovirus
was produced by baculovirus expression vector system using trans-
fer vector and expresSF+ cells according to the manufacturer's
instructions (Protein Sciences Corp.). The single clones of the recom-
binant baculovirus were isolated and expanded, and the high titer
(>10® pfu/ml) virus stock was prepared. Isolation of clones and
determination of virus titers were performed by plaque assay. The
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expresSF+ cells were maintained in Sf900-1I medium (Invitrogen)
supplemented with 50 pg/ml Kanamycin at 27 °C. A 10-] culture of
expresSF+ cells was infected with 10 ml of virus stock and incubated
for 72 h to express soluble His-POMGnT]1 protein.

2.3. Purification of recombinant human POMGnT1

The recovered 10-] culture medium was concentrated 100-fold
by 50 kDa cut-off VIVAFLOW, ultrafiltration membrane (Sartorius
AG, Goettingen, Germany). The collected medium (approximately
100 ml) was first subjected to Ni**-chelating Sepharose (HisTrap
HP 5 ml, GE Healthcare UK Ltd., Buckinghamshire, England). After
washing with 100 ml of 20 mM sodium phosphate buffer (pH
7.0) containing 300 mM NaCl and 20 mM imidazole, recombinant
His-POMGnT1 was eluted from the column with 25 ml of 20 mM
sodium phosphate buffer (pH 7.0) containing 300 mM NacCl and
500 mM imidazole. After dialysis against 20 mM sodium phos-
phate buffer (pH 7.0) containing 300 mM Nacl, the eluted enzyme
was incubated with 250 pl of PreScission protease (GE Healthcare)
and 250 pl of 100 mM dithiothreitol at 4°C for 4 h to eliminate
His-tag from His-POMGnT1. After PreScission protease digestion,
recombinant POMGnT1 was subjected to the tandem columns
combination of HisTrap column and Glutathione Sepharose col-
umn (GSTrap HP, GE Healthcare). The recombinant POMGnT1
was recovered in unbound fraction from the tandem columns by
using 20 mM sodium phosphate (pH 7.0) containing 300 mM Nacl
for washing buffer. The purity of recombinant POMGnT1 of each
step was confirmed by SDS-PAGE.

2.4. Assay for POMGnT1 activity
POMGnNT1 activity was obtained from the amount of [*H] Glc-

NAc transferred to a substrate [1]. The reaction buffer containing
140mM MES buffer (pH 7.0, 2mM UDP-[’H] GlcNAc

660

301

POMGNT1 stem domain

His-sPOMGNT1

signal sequence His x6

Cc

PreScission protease cleavage site
{Leu Glu Val Leu Phe Gin / Gly Pro)

Purification of recombinant human POMGnT1

step Specific activity (nmol/h/ug)
1. Culture medium 0.01
2. Ni#=affinity column 25
3. PreScission protease digested 2.6
4. Purified after the tandem columns 3.0

Fig. 1. (A) Schematic representation of human POMGnT1 and recombinant soluble POMGnT1 used in this study. POMGnT1 is a typical type Il membrane protein, which is
composed of, in order from the N-terminus, a cytoplasmic tail (CT), transmembrane domain (TM), stem domain, and catalytic domain. To prepare soluble enzyme, amino acid
residues 1-65 were replaced by the sequence of the signal sequence, His tag, and PreScission protease cleavage site. The numbers above the boxes indicate the amino acid
residue numbers of human POMGnT1. (B), (C) Electrophoretic patterns and POMGnT1 activity of recombinant human POMGnT1 at each purification step. Specific activity was
determined using mannosyl nonapeptide. Lane 1, culture medium; lane 2, Ni**-affinity column absorbed protein; lane 3, PreScission protease-digested protein; lane 4,
recombinant human POMGnT1 purified by tandem HisTrap and Glutathione Sepharose columns,
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(50,000 dpm/nmol), 0.25-8 mM substrate, 10 mM MnCl,, 2% Tri-
ton X-100, 5mM AMP, 200 mM GlcNAc, 10% glycerol and en-
zyme solution was incubated at 37 °C for 1h. After boiling for
3 min, the mixture was analyzed by reversed phase HPLC with
a Wakopak 5C18-200 column (4.6 x 250 mm). Solvent A was
0.1% trifluoroacetic acid in distilled water and solvent B was
0.1% trifluoroacetic acid in acetonitrile. The peptide was eluted
at a flow rate of 1 mlfmin using a linear gradient of 1-25% sol-
vent B. The peptide separation was monitored continuously at
214 nm, and the radioactivity of each fraction was measured
using a liquid scintillation counter. Km and Vmax values were
calculated on the basis of Hanes-Woolf plot.

3. Results and discussion

To produce recombinant human POMGnT1 on a large scale, we
expressed a soluble form of the enzyme using a baculovirus/insect
cell expression system. The recombinant human POMGnT1 used in
the study lacked the cytoplasmic tail and transmembrane domain
and included an Ig kappa chain secretion signal and His-tag at
N-terminus (Fig. 1A). In order to remove the His-tag after Ni*'-
affinity chromatography, a protease digestion sequence (PreScis-
sion protease cleavage site) was inserted behind the His-tag region.
Recombinant soluble POMGnT1 was produced in insect expresSF+
cells (Fig. 1B, lane 1) and purified from the culture medium by
Ni®*-affinity chromatography (lane 2). After cleavage of the His-
tag, the protein migrated as a 70 kDa protein (lane 3). The protein
was then cleaned up with tandem HisTrap and Glutathione
Sepharose columns (lane 4). Ni**-affinity chromatography was
very effective, increasing the specific activity of POMGnT1 by about
three orders of magnitude (Fig. 1C). The final activity was high
(3.0 nmol/h/pg) despite the removal of amino acid residues 1-65
from human POMGnT1 (Fig. 1A). This was expected because the
minimal catalytic domain of POMGNT1 is located between posi-
tions 299 and 651 [6].

To examine the effect of peptide length on substrate specificity,
we synthesized a series of mannosyl peptides consisting of a single
mannosylated threonine residue and three to 20 amino acids
(Fig. 2). The tri-, tetra-, hexa-, hepta-, octa- and deca-peptides were
derived from mannosyl nonapeptide. The latter was based on

amino acid residues 316-324 of «-DG in which most of threonine
residues were substituted with alanine. Acetyl and amino groups
were added to the termini of some mannosyl peptides to prevent
their degradation during incubation. Mannosyl icosapeptide is
based on amino acid residues 401-420 of «-DG which was found
to act as a good substrate for protein O-mannosyl transferase [7].
The alanine-substituted mannosyl nonapeptide was designed to
examine the effect of amino acid sequence on the enzymatic activ-
ity. We also examined benzyl-a-p-mannose as a substrate [2].

POMGnNT1 activities with the different substrates were deter-
mined in Hanes-Woolf plots (Fig. 3) to obtain Km and Vmax values.
Vmax and the catalytic constant Kcat were found to increase and
Km was found to decrease with increasing peptide lengths for
lengths up to 8 amino acids, although the hexapeptide was an
exception (Table 1). For peptides longer than 8 amino acids, how-
ever, the kinetics were similar to those of octapeptides. Adding an
alanine residue to the C-terminus of the hexapeptide (to form hep-
tapeptide-I) decreased Km and Vmax, while adding an alanine to
the N-terminus of the hexapeptide (to form heptapeptide-II) de-
creased Km even more and changed Vmax only slightly. These re-
sults suggest that four amino acids at the N-terminus make a
better acceptor than three amino acids at the N-terminus. The find-
ing that Km of alanine-substituted mannosyl nonapeptide is almost
twice that of the original mannosyl nonapeptide (Table 1) shows
that the amino acid sequence is also important.

Benzyl-o-p-mannose has a smaller Km than mannosyl hepta-
peptides, although its Vmax and Kcat values were similar to those
of mannosyl tripeptide (Table 1). Benzyl-ci-p-mannose’s small Km
may be due to its smaller molecular size, which could make it more
difficult to release the product, benzyl-o-p-mannose-GleNAc, from
the catalytic pocket of the enzyme. POMGnT1 transferred GlcNAc
to benzyl-a-p-mannose [2] but, as we found previously, not to
either mannose or p-nitrophenyl-«-mannose [1], which suggests
that the hydrophobicity of the benzyl group helps it to be recog-
nized by the catalytic pocket of the enzyme.

X-ray crystal structure studies of POMGnT1 are needed to better
understand the catalytic domain of the enzyme. Such studies have
been used to determine the structures of many glycosyltransfer-
ases including GnT-I [8]. To crystallize the enzyme, a large amount
of pure recombinant protein is needed. The expression system

mannosyl tripeptide mannosyl heptapeptide-Il mannosyl decapeptide
Manai Manal Manal
1 I 1
Ac~PTP-NHz A-TPTPVTA-NHz H-ATPTPVTAIG-0H
mannosyl tetrapeptide mannosyl nonapeptide mannosyl icosapeptide
Manat Manal Manai
| | |
Ac-PTPV-NHz Ac-AAPTPVAAPNH2 Ac-IRPTMTIPGYVEPTAVATPP-NHz
mannosy! hexapeptide Ala-substituted mannosyl nonapeptide Benzyl-«-D-mannose
Manal Manat Manal—C H—< >
i | ’
Ae-TPTPVT-NH2 Ac-AAATAAAAP-NHz
mannosyl heptapeptide-| mannosyl octapeptide
Manal*l Manai
I
Ac-ATPTPVT-NHz H-ATPTPVTA-OH

Fig. 2. POMGnT]1 substrates used in this study. Ac and NH; indicate acetyl and amino groups of the N- and C-termini, respectively. H and OH indicate that the peptides are

not blocked.
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Fig. 3. Kinetic analysis of the purified recombinant POMGnT1 by Hanes-Woolf plot. The enzyme assay for POMGnT1 reaction is described in the Materials and methods.
The kinetic parameters of POMGnT1 are summarized in Table 1, 5, concentration of acceptor peptide (mM); V, specific activity (pmol/h/mg total protein).

Table 1

Kinetic parameters of POMGnT1 for various substrates,
Substrate Sequence MW Km (mM) Vmax (nmol{min/mg) Kcat (1/s)
Tri PT(Man)P 516 124 92 0.12
Tetra PT(Man)PV 616 9.8 194 0.24
Hexa TPT{Man)PVT 777 13.7 463 0.58
Hepta-1 TPT(Man)PVTA 848 8.8 271 0.34
Hepta-II ATPT(Man)PVT 848 79 417 0.52
Ala-substituted Nona AAAT(Man)AAAAP 917 6.8 483 0.60
Octa ATPT(Man)PVTA 919 39 582 0.73
Nona AAPT(Man)PVAAP 997 36 594 0.74
Deca ATPT(Man)PVTAIG 1089 4.0 657 082
Icosa IRPFTMTIPGYVEPT(Man)AVATFPP 2273 3.8 590 0.74
Benzyl-man 270 6.9 101 013

reported here, which can produce approximately 20 mg protein
from 101 of culture medium, is well suited for this task.

The regulatory mechanism of glycan processing is compli-
cated and poorly understood. Some glycosyltransferases are
known to modify specific regions of proteins. For example, two
distinct O-fucosylation pathways exist [3,4]. EGF repeats in pro-
teins are O-fucosylated by protein O-fucosyltransferasel (Pofut1),
and elongated by Fringe, a p1,3-N-acetylglucosaminyltransferase,
while TSR repeats are O-fucosylated by a different O-fucosyl-
transferase, Pofut2, and then elongated by p1,3-glucosyltransfer-
ase [4,9]. These results indicate that these elongation enzymes
recognize particular amino acid sequences or conformations.
Our results (Table 1) also indicate that elongation of O-mannosyl
glycans depends on the amino acid sequence. Recent studies
have determined some of the O-mannosyl glycan structures

and O-mannosylation sites on o-DG [10,11] but do not exclude
the possibility that some 0-mannose residues are not elongated.
Further studies on all of the O-mannosyl glycan structures and
O-mannosylation sites on ®-DG will help to elucidate POMGnT1
substrate specificity.
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Protein O-mannosyltransferase 1 (POMT1) and its homolog, POMT2, are responsible for the catalysis of
the first step in O-mannosyl glycan synthesis. Mutations in their genes are associated with a type of con-
genital muscular dystrophy called Walker-Warburg syndrome. Arg®, Glu”® and Arg'*® in the N-terminus
region of ScPmt1p, a POMT homolog in Saccharomyces cerevisiae, are important for transferase activity.
Keywords: Arg'*® is also essential for complex formation with ScPmt2p. Here we examined the effects of replacing
Walker-Warburg syndrome the corresponding residues in human POMT1 and POMT2 with Ala on complex formation and enzymatic
Muscular dystrophy activity. The human POMT1 mutants lost almost all transferase activity while the POMT2 mutants
Glycosyltransferase : 5 i 3 s o = :
Protein O-mannosyltransferase retained enzymatic actm[y. Ne:ther mutant lost its ability to form complgxes with the nalrwe counter
component. These results indicate that ScPmtps and human POMTs have different mechanisms of com-
plex formation. They also suggest that human POMT1 and POMT2 have discrete functions since the effect

of amino acid substitutions on enzymatic activity are different.

@© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Protein O-mannosyltransferase 1 (POMT1) and POMT2 (POMT,
EC 2.4.1.109) catalyze the initial step of the biosynthesis of
O-mannosyl glycans, in which a mannosyl residue is transferred
from dolichyl phosphate mannose (Dol-P-Man) to Ser/Thr residues
of certain proteins [1]. Complex formation of POMT1 and POMT2 is
indispensable for POMT activity [1,2]. a-Dystroglycan (2-DG) is
predominantly glycosylated by O-mannosyl glycan Siac2-3Galp1-
4GlcNAcp1-2Man [3]. -DG consists of a dystrophin-glycoprotein
complex that acts as a transmembrane linker between the extra-
cellular matrix and intracellular cytoskeleton [4]. Defects in
0-mannosyl glycans on «-DG are reported to cause several o-dys-
troglycanopathies, which are a group of congenital muscular
dystrophies that include Walker-Warburg syndrome (WWS:
OMIM 236670) [5,6]. Mutations in the POMT1 and POMT2 genes
were identified in patients with WWS [7-10], an autosomal
recessive developmental disorder associated with congenital
muscular dystrophy, neuronal migration defects and ocular abnor-
malities. We previously demonstrated that these mutations almost
abolished POMT activity and o-DG glycosylation [2,9]. However,
how mutations cause a loss of POMT activity remains unclear.

0-Mannosylation is an essential protein modification that is
evolutionarily conserved from eukaryotes to mycobacteria
[11,12]. O-Mannosylation is essential for maintaining cell shape

* Corresponding author. Fax: +81 3 3579 4776,
E-mail address: endo@tmig.or.jp (T. Endo).
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and cell integrity [13] and contributes to quality control of proteins
in the ER in yeast [14,15]. Reduction of protein O-mannosyltransfe-
rases in Drosophila melanogaster resulted in defects in embryonic
muscle development [16-19] and POMT1 deletion in mouse re-
sulted in embryonic death [20]. Protein O-mannosyltransferases
in Saccharomyces cerevisiae (ScPmtps) are composed of at least
six members (Scpmtp1-6) that form hetero- and homo-complexes
in various combinations [21,22]. ScPmtp1 has been proposed to
consist of seven transmembrane helices [23]. The ScPmtp1 N-ter-
minus 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 lumen.
Two hydrophilic regions (loops 5 and 1) are important for enzy-
matic activity [21,23,24]. We recently constructed models in which
human POMT1 and POMT2 have seven- and nine-transmembrane
helices respectively and in which the C-termini and loops 1, 3
and 5 are located in the ER lumen [25]. This is similar to the topol-
ogy of ScPmtpl. In ScPmtp1, Arg®, Glu™ and Arg'*® have been
shown to be essential for enzymatic activity [24].

Here, we investigated whether amino acids of human POMT1
and POMT2 corresponding to Arg®*, Glu’® and Arg'*® in ScPmtp1
are required for transferase activity and complex formation.

2. Materials and methods
2.1. Vector construction of POMT1 and POMT2 mutants

Human POMT1 ¢DNA was used for site-directed mutagenesis
and was cloned into pcDNA 3.1/Zeocin (-) (Invitrogen Corp.,
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Carlsbad, CA), and human POMT2 cDNA was cloned into pcDNA
3.1/Hygromycin (+) as described previously [1,2]. For each of the
mutations (R30A, E44A, R105A [R72A, E86A, R145A) examined in
this study, the POMT1 and POMT2 gene was modified with a Quick-
Change Site-Directed Mutagenesis Kit (STRATAGENE, La Jolla, CA)
according to the manufacturer’s instructions. The mutants were
generated with following primer pairs: R30A, 5-ATGGGGTTA
CTGAGCGCGCTGTGGCGACTCACC-3' and 5-GGTGAGTCGCCACAGC
GCGCTCAGTAACCCCAT-3'; E44A, 5-CGCGGGCTGTGGTTTTTGACGC
AGTATATTATG-3" and 5-CATAATATACTGCGTCAAAAACCACAGCCC
GCG-3'; R105A 5'-CCTGTGTGGTCCCTGGCCCTGCTGCCAGCACTC-3
and 5-GAGTGCTGGCAGCAGGGCCAGGACCACACAGG-3’; R72A, 5'-
CTGTCCTTCGCCACCGCCTTCCACCGCTTGGACG-3' and 5-CGTCCAA
GCGGTGGAAGGCGGTGGCGAAGGACAG-3'; E86A, 5'-CCGCACATC
TGTTGGGATGCGACTCACTTTGGAAAAATG-3' and 5/-CATTTTTCCAA
AGTGAGTCGCATCCCAACAGATGTGCGG-3'; R145A, 5'-CAGCTACAT
GGGAATGGCAGGATTCTGTGCATTCCTTGGC -3' and 5-GCCAAGGA
ATGCACAGAATCCTGCCATTCCCATGTAGCTG-3'. All mutant clones
were sequenced to confirm the presence of the mutations.

2.2. Cell culture and expression of POMT mutants

Human embryonic kidney (HEK) 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum, 2 mM t-glutamine, 100 units/m! pen-
icillin and 50 mg/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 POMT1 and
POMT?2 proteins. The cells were homogenized in 10 mM Tris-HCl,
pH 7.4, 1 mM EDTA, 250 mM sucrose, 1 mM DTT, with protease
inhibitor mixture (3 mg/ml pepstatin A, 1 mg/ml leupeptin, 1 mM
benzamidine-HCl, 1 mM PMSF). After centrifugation at 900xg for
10 min, the supernatant was subjected to ultracentrifugation at
100,000xg for 1 h. 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 20 mM Tris-HCl, pH 8.0, 2 mM 2-
mercaptoethanol, 10 mM EDTA and 0.5% n-octyl-B-D-thioglucoside
at 4 °C. After centrifugation at 10,000xg for 10 min, the superna-
tant was used as solubilized supernatant.

2.3. Western blot analysis

The microsomal fractions (20 pug) were separated by SDS-PAGE
(7.5% gel) and proteins were transferred to a PVDF membrane. The
membrane was blocked in PBS containing 5% skim milk and 0.05%
Tween 20, incubated with anti-POMT2 polyclonal antibody [2] or
anti-myc (A-14) antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA), and treated with anti-rabbit IgG conjugated with horse-
radish peroxidase (HRP) or anti-mouse IgG conjugated with HRP
(GE Healthcare Bio-sciences Corp., Piscataway, NJ). Proteins that
bound to the antibody were visualized with an ECL kit (GE Health-
care Bio-sciences). As reported previously [1,2], anti-POMT1 and
anti-POMT2 polyclonal antibodies did not detect endogenous
POMT1 and POMT2, respectively. Each antibody is specific for the
respective recombinant protein. That is, they do not cross-react
with each other.

2.4. Assay for POMT activity

POMT activity was based on the amount of mannose transferred
from Dol-P-Man to a glutathione-S-transferase fusion o-DG (GST-
o-DG) as described previously with a slight modification [1].
Briefly, assays were carried out in a 20 pl reaction volume contain-
ing 20 mM Tris-HCl (pH 8.0), 100 nM [°H]-labeled Dol-P-Man

(Dol-P-[*H]Man, 125,000 dpm/pmol, American Radiolabeled
Chemicals, St. Louis, MO), 2 mM 2-mercaptoethanol, 10 mM EDTA,
0.5% n-octyl-B-D-thioglucoside, 10 pg of GST-0-DG, and 80 pg of
microsomal membrane fraction. Microsomal fractions were solubi-
lized with buffer containing 20 mM Tris-HCl (pH 8.0), 2 mM 2-
mercaptoethanol, 10 mM EDTA, 0.5% n-octyl-p-D-thioglucoside
for 1h and the reaction was initiated by adding Dol-P-[*H|Man.
After 1 h incubation at 25 °C, the reaction was stopped by adding
150 pl of PBS containing 1% Triton X-100, and the reaction mixture
was centrifuged at 10,000xg for 10 min. The supernatant was re-
moved, mixed with 400 pl of PBS containing 1% Triton X-100 and
10 pl of Glutathione-Sepharose 4B beads (GE Healthcare Bio-sci-
ences), rotated at 4°C for 1h, and washed three times with
20 mM Tris-HCl (pH 7.4) containing 0.5% Triton X-100. The radio-
activity adsorbed to the beads was measured with a liquid scintil-
lation counter. POMT activities were normalized by protein
expression levels.

2.5. Immunoprecipitation

Microsomal fractions were lysed with assay buffer (20 mM
Tris-HCl, pH 8.0, 2 mM 2-mercaptoethanol, 10 mM EDTA, 0.5% n-
octyl-g-D-thioglucoside) in a final concentration of 2 mg/ml for
5h at 4 °C. After solubilization, proteins were subjected to centri-
fugation at 10,000xg for 30 min and pre-cleaned with CL-6B Se-
pharose (Sigma-Aldrich, St. Louis, MO). Pre-cleaned supernatants
were mixed with anti-myc (9E10) agarose conjugate (Santa Cruz
Biotech) and incubated overnight. After 3 washes with the assay
buffer, the agarose beads were suspended in sample buffer. Sam-
ples were subjected to Western blot analysis.

3. Results and discussion

In the present study, we attempted to elucidate the importance
of three amino acids in the enzymatic activity and complex forma-
tion of human POMTs. Previously, Arg®*, Glu’® and Arg'*® in
ScPmt1p were reported to be critical for enzymatic activity [24].
In particular, Arg'®® is essential for complex formation with
ScPmt2p [24]. The membrane topologies of human POMT1
(Fig. 1A) and POMT2 (Fig. 1B) were predicted from bioinformatics
analyses [25]. The corresponding three amino acids are conserved
in human POMT1 and POMT2 (Fig. 1C). Therefore, we substituted
Arg®®, Glu** and Arg'® in human POMT1 and Arg’?, Glu®® and
Arg'® in human POMT2 with Ala by site-direct mutagenesis and
expressed the genes in HEK293T cells with their wild-type
partners.

Western blots showed that both the POMT1 mutants (Fig. 2A)
and the POMT2 mutants (Fig. 3A) were expressed normally, and
their mobilities in SDS~PAGE were not affected by the amino acid
substitutions. All mutated POMT1s and POMT2s were co-precip-
itated with wild-type POMT2 or wild-type POMT1, respectively
(Figs. 2B and 3B). Each protein expression level of transfectants
and the amount of proteins in the immunoprecipitates were
determined densitometrically. Low precipitation of R145A-mu-
tant (Fig. 3B) seems to be due to low expression level of protein
(Fig. 3A). The expression ratio of R145A-POMTZ2/POMT1 was
about 60% of wild-type POMT2/POMT1. The precipitated ratio
of R145A-POMT2/POMT1 was about 70% of wild-type POMT2/
POMT1. The expressed POMT2/POMT1 ratios of other mutants
were around 80% to 120% and precipitated POMT2/POMT1 ratios
were comparable to those of wild-type POMT2/POMT]1. Taken to-
gether, three amino acids substituted in human POMT1 and
POMT?2 are not essential for POMT1-POMT2 complex formation.
In ScPmtlp, Arg'*® is essential for complex formation with
ScPmt2p [24]. Therefore, changing this residue to Ala caused loss
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Fig. 1. Schematic representation of human POMT1 and POMTZ, and alignment of PMT family members. (A) and (B), Topology models of human POMT1 and POMT2 according
to|25]. R, E and R indicate the sites where Arg, Glu and Arg were substituted with Ala by site-directed mutagenesis. The major splicing variant of human POMT1, which lacks
amino acids 234-255, was used in this study {2]. (C), ClustalW alignment of N-terminal amino acid sequences of protein O-mannosyltransferases. ScPmt, S. cerevisiae Pmt;
hPOMT, human POMT; Mtpmt, M. tuberculosis pmt, Dots indicate similar amino acids. Asterisks indicate conserved amino acids. Squares indicate amino acids substituted to

Ala,

of enzymatic activity. However, in human POMT1, the same ami-
no acid substitution did not affect POMT1-POMT2 complex for-
mation. These results suggest that Arg'>® of ScPmtlp and
Arg'® of human POMT1 have different roles. A phylogenetic
analysis showed that the PMT family has three subfamilies:
PMT1, PMT2, and PMT4 [12]. ScPmtlp and ScPmt2p are members
of the PMT1 and PMT2 subfamilies, respectively. On the other
hand, human POMT1 and POMT2 are members of the PMT4
and PMT2 subfamilies, respectively. The members of the PMT1
subfamily form complexes with members of the PMT2 subfamily,
and a single member of the PMT4 subfamily (ScPmt4p) forms a
homomeric complex and does not form a complex with ScPmt2p
[21]. Although S. cerevisiae has at least six PMT family members,
humans have only two PMT members, POMT1 and POMT2.
Therefore, POMT1 and POMT2 must form a heterodimeric com-
plex to have mannosyl transfer activity. This may explain why
Arg'?® of ScPmt1p and Arg'® of human POMT1 have different
roles.

Next, we examined the effect of amino acid substitution on pro-
tein O-mannosyltransferase activity. Each of the substitutions in
human POMT1 abolished most of the activity (Fig. 2C), indicating
that Arg®, Glu** and Arg'® in loop1 of POMT1 are essential for
POMT activity. On the other hand, the POMT2 mutants retained
enzymatic activities (Fig. 3C). R72A-mutant and E86A-mutant sus-
tained about 65% and 75% activity of wild-type POMT, respectively,

and R145A-mutant retained enzymatic activity entirely. These re-
sults clearly show that these three amino acids play different roles
in POMT1 and POMT2.

It is not clear why human protein O-mannosyltransferase activ-
ity requires co-expression of two components, POMT1 and POMT2
[1,2]. One possibility is that assembly of POMT1 and POMT2 cre-
ates a catalytic domain but each POMT1 or POMT2 itself does not
have any catalytic activity. Another possibility is that POMT1 or
POMT2 is a catalytic molecule and another component may en-
hance its activity. Recently, we found that zebra fish POMT2 alone
expressed in HEK293T cells showed weak activity, while zebra fish
POMT1 alone showed no activity [26], suggesting that zebra fish
POMT?2 itself has enzymatic activity, or may form a complex with
endogenous POMT1 resulting in low levels of enzymatic activity.
In addition, dermal fibroblast cells from WWS patients with muta-
tions in POMT1 showed low residual activity [10,12], suggesting
that POMT2 has low levels of activity without POMT1. Taken to-
gether, these findings indicate that human POMT1 and POMT2
are required for efficient mannose transfer, although they are prob-
ably not functionally equivalent.

It is not clear whether loops 1 of ScPmt2p and ScPmtlp have
similar roles. Although the substitutions in loop 1 of human
POMT2 had little effect on transferase activity (Fig. 3C), POMT
activity of lymphoblasts of a WWS patient homozygous for a
Tyr96Cys mutation in loop 1 of POMT2 was extremely low [9]. This



