ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<C£DIRECT®

Biochemical and Biophysical Research Communications 337 (2005) 256-263

BBRC

www.elsevier.com/locate/ybbrc

Transcriptional regulation and O-GlcNAcylation activity of zebrafish
OGT during embryogenesis ™

Kyung-Cheol Sohn, Su-Il Do *

Ajou University, Department of Life Science, Laboratory of Functional Glycomics, Republic of Korea

Received 31 August 2005
Available online 16 September 2005

Abstract

Zebrafish OGT (zOGT) sequence was identified in zebrafish (Danio rerio) genome and six different transcriptional variants of zZOGT,
designated varl to var6, were isolated. Here we describe the developmental regulation of zZOGT variants at transcriptional level and char-
acterization of their OGT activities of protein O-GlcNAcylation. OGT transcriptional variants in zebrafish were differentially generated
by alternative splicing and in particular, var! and var2 were contained by 48 bp intron as a novel exon sequence, demonstrating that this
form of OGT was not found in mammals. Transcript analysis revealed that varl and var2 were highly expressed at early phase of devel-
opment including unfertilized egg until dome stage whereas var3 and var4 were begins to be expressed at sphere stage until late phase of
development. Our data indicate that var! and var2 are likely to be maternal transcripts. The protein expression assay in Escherichia coli—
p62 system showed that OGT activities of var3 and var4 were found to be only active whereas those of other variants were inactive.

© 2005 Elsevier Inc. All rights reserved.

Keywords: zO-GlcNAc transferase; Transcriptional variants; O-GlcNAc; Developmental regulation

Nucleocytoplasmic protein O-GlcNAcylation is pro-
ceeded by O-GIcNAc transferase (OGT) and in mammali-
an cells, a variety of proteins have been known to be
modified by single GlcNAc residue through the unique ac-
tion of OGT [1-4]. Functional role of OGT has been
known to be involved either directly or indirectly in many
biological processes, such as dynamic interplay with phos-
phorylation of signaling factors [5-7], cytoskeletal organi-
zations [8], and hexoseamine biosynthetic pathway [9,10].
OGT has been known to be localized both in cytosol and
nucleus [11] either alone or as a complexed form with other
molecules [7], and also in mitochondria [12].

Recently, it has been reported that OGT-mediated pro-
tein O-GIcNAcylation may function in cellular sensing of
nutrients [13], toxic stresses [14], and heat [15]. Moreover,
several studies showed that O-GlcNAcylation could be
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linked to oocyte maturation in xenopus [16,17]. However,
the role of OGT during embryo development is poorly
understood. During past several years, cDNAs encoding
OGT have been cloned in mammalian species including hu-
man [4], rat [3], and mouse [18], and also reported in other
species such as Drosophila, xenopus, and plant [19]. Howev-
er, little information is available for zebrafish OGT (zOGT).

Zebrafish is now well utilized as a model system of ver-
tebrates to identify gene-function during embryogenesis
[20,21]. We searched the whole genome of zebrafish to find
out a homolog of the mammalian OGT. Here, we show the
zOGT sequence in genomic organization and its six differ-
ent transcriptional variants, and demonstrate, for the first
time, that these transcriptional variants of zOGT are differ-
entially regulated during development. Furthermore, we
expressed these transcriptional variants and analyzed their
OGT activities in Escherichia coli-p62 system.

Materials and methods

Bioinformatics. The zebrafish genome search was initially per-
formed using human OGT sequence (NM_181672) and rat OGT
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sequence (NM_017107) as query by BLAST search programs at
Zebrafish Genome Browser (www.ensemble.org/Danio_rerio). The
genomic sequence (contig BX323828.7.1-206011 on chromosome 14)
with the closest similarity to mammalian OGT sequence was finally
identified and translated protein sequences were further searched by
BLAST X.

Zebrafish embryo preparation. Zebrafish embryos were maintained and
prepared as previously described in the Zebrafish Book [22]. Briefly, based
on morphological criteria of embryos, developmental stages were classified
as hour post-fertilization (hpf). After natural spawning, embryos were
collected and cultured in fishwater system containing 0.2 mM 1-phenyl-2-
thiourea (PTU) to prevent pigmentation and 0.01% methylene blue to
prevent fungal growth.

Gene-specific primer sequences. Standard PCR amplifications were
performed using the following oligonucleotides:

Primer 1: 5~-AAGGATCCACCATGGCGAGCTCGGTGGG-3’
Primer 2: 5-AACTCGAGTCAGGTGCTCTCGCTGGTCTCC-3’
Primer 3: 5-GAGCTCGGTGGGGAACGT-3'

Primer 4: 5-CCAGTGTGCTGAAGTGAGC-3'

Primer 5: 5-GAGCTCGGTGGGAAACGC-3'

Primer 6: 5-GCATGGGGTTCTGCTTGG-3’

Primer 7: 5-ATGGTCAAGAGGTTGCTGAC-3'

Primer 8: 5-GTCACCACAATGGTTCTGG-3’

Primer 9: 5-TGTGATGATCAAGTGGCG-3'

Primer 10: 5'-CGGGTGGTCACCACAATT-3’

Primer 11: 5-TTGTAGTATCTGGGACTGTAG-3’

Primer 12: 5'-TGGCCACCACACAG. . ATTAAC-3’

Primer 13: 5'-TGCCAAGCTTTACTGCAAC-3’

Primer 14: 5'-TGCCAAGCTTTACTGCAATG-3'

Primer 15: 5'-~AGATCTGGCTGGCCATCC-3’

Primer 16: 5'-GGGAACACCTCCAGTGC-3'

Primer 17: 5'-GAGGAGCACCCCGTCCTGCTCAC-3'

Primer 18: 5'-GATGGCTGGAACAGGGCCTCTGG-3’

Primer 19: 5'-~AAAGGATCCATGGCGTCTTCCGTGGGCAAC-3’
Primer 20: 5'-TTTGTCGACTTATGCTGACTCAGTGACTTC-3'
Primer 21: 5'-TTTGTCGACTCAGGCTGACTCAGTGACTTC-3'
Primer 22: 5'-CCGGATCCATGAGTGGGTTTAACTTTGG-3'
Primer 23: 5'-CCCAAGCTTCTAGTCAAAGGCAATGCGCAG-3’

Primer 1 (forward)/primer 2 (reverse) (primer 1/2) is for zOGT full length
amplification, primer 3/4 is for zZOGT varl, 3 (234 bp) and var2, 4 (204 bp)
amplification, primer 5/6 is for zOGT var5 (257 bp) and var6 (227 bp)
amplification, primer 7/8 is for zZOGT varl, 2 (256 bp) and var3, 4 (208 bp)
amplification, primer 9/10 is for zOGT var5, 6 (218 bp) amplification,
primer 11/13 is for zOGT varl, 2 (546 bp) amplification, primer 12/13 is
for zOGT var3, 4 (531 bp) amplification, primer 12/14 is for zZOGT var3, 6
(531 bp) amplification, primer 15/16 is for zOGT all variants (457 bp)
amplification, primer 17/18 is for zebrafish B-actin (500 bp) amplification,
primer 19/20 is for human OGT (full length) amplification, primer 19/21 is
for rat OGT (full length) amplification, and primer 22/23 is for rat p62
(full length) amplification.

DNA constructions. Total RNA was purified from zebrafish embryo
samples which were collected during 17 developmental stages by
RNAzol B (Tel-Test) and cDNA library was synthesized using random
hexamers (Takara) by M-MLV reverse transcriptase (Promega)
according to the manufacturer’s instructions. Transcriptional variants of
zebrafish OGT (zOGT) were cloned from cDNA library by PCR
amplification using 50 pmol forward and reverse gene-specific primers,
200 uM dNTPs and 1.25U exTaq (Takara-Shuzo) in the presence of
10 mM Tris—Cl (pH 8.3), S0 mM KCl, and 1.5mM MgCl,. PCR was
carried out under the condition of 25 cycles of denaturation for 3 min
at 94 °C, annealing for 30s at 58-62 °C, and elongation for 30-40s at
72 °C. zOGT wvarl, 2, 5, and 6 were cloned from cDNA of unfertilized
egg, and zOGT wvar3 and 4 were cloned from cDNA of 24 hpf embryo.
Each variant of zOGT was cloned in pGEM-T easy vector (Promega)
and further constructed in pMAL-c2 (New England Biolabs) for protein

expression in E. coli system. cDNA sequences of human and rat OGT
were cloned by RT-PCR using primer 19 (forward)/20 (reverse) with
c¢DNA from H293 cells, and using primer 19/21 with ¢cDNA from PC12
cells [15], respectively.

Transcript analysis of zOGT variants by RT-PCR. Six transcriptional
variants of zOGT in 17 different developmental stages were analyzed
using gene-specific primers by RT-PCR and quantitative RT-PCR. For
analysis of total expression levels of zOGT, RT-PCR was performed
using cDNAs of 17 stage-specific embryos and primer 15 (forward)/16
(reverse) resulting in 457 bp PCR product. Primer 11/13, and primer 12/
13 were used for analysis of expression level of zOGT varl and 2
(546 bp), and for zOGT wvar3 and 4 (531 bp), respectively. Finally, either
primer 12/14 or primer 9/10 was used for analysis of expression level of
zOGT war5 and 6 (531 bp). Expression level of zOGT varl and 2
(256 bp), and zOGT wvar3 and 4 (208 bp) was further analyzed by
quantitative RT-PCR using primer 7/8 (Copy-I specific). Expression of
exon 2a in Copy-I, and Copy-II genomic sequence was also analyzed by
quantitative RT-PCR using primer 3/4, and primer 5/6, respectively
(expected size of 234 and 257 bp in case of presence of exon 2a whereas
expected size of 204 and 227 bp in case of absence of exon 2a). Primer 9/
10 was used for competitive RT-PCR analysis for presence of exon 19
sequence on Copy-II genomic sequence (expected size of 218 bp in case
of absence of exon 19 whereas expected size of 266 bp in case of presence
of exon 19). For a control, zebrafish B-actin was amplified using primer
17/18 resulting in 500 bp PCR product.

Southern blot analysis of genomic DNA. Genomic DNA was prepared
from zebrafish fin and muscle tissues as previously described [22]. Ten
micrograms of genomic DNA was digested overnight with 50 U BamHI
(Roche) and then, digested DNA was separated on 0.8 % (w/v) agarose gel
followed by ethidium bromide staining (0.5 pg/ml). Denatured DNA in gel
was transferred to Hybond-N" nylon membrane (Amersham Biosciences)
using a vacuum apparatus (Appligene). Hybridization probe was prepared
by PCR using primer 11/13 and zOGT var! as a template. Resulting PCR
product was digested with PsfI and Kpnl, and >?P-labeled using
[0-*P]ACTP (3000 Ci/mmol) by Ready-To-Go DNA labeling bead
(Amersham biosciences) followed by separation on microspin G-50 col-
umn (Amersham biosciences). Hybridization using radioactive probe was
performed according to standard protocols as described [23]. Hybridiza-
tion and washing steps were carried out under high stringency conditions.
Radioactive signals were visualized with a BAS2000 Image Analyzer (Fuji
Photo Film).

OGT activity assay in E. coli-p62 system. Assay for OGT activity in
E. coli-p62 system was newly developed as follows (unpublished). Full-
length cDNA of p62 in expression vector of pET28a(+) (Novagen) and
variant cDNA of zOGT including human and rat OGT in expression
vector of pMAL-c2 (New England Biolabs) were co-transformed to
BL21 (DE3) codon plus-RIL cells (Stratagene) according to manufac-
turer’s instructions. Bacterial clone containing two plasmids was selected
in presence of both 100 pg/ml ampicillin and 50 pg/ml kanamycin.
Bacterial cell lysates were subjected to 10% SDS-PAGE and immunoblot
analysis for O-GlcNAcylated proteins was carried out using RL2 anti-
body (Alexis, Switzland) as previously described [15]. Expression levels
of OGT and p62 were confirmed by immunoblotting using anti-MBP-
OGT antibody (rabbit polyclonal antibody prepared in our laboratory)
and T7 tag antibody (Novagen). Immuno-signals were developed on
Super RX film (Fuji) using SuperSignal West Pico chemiluminescent
substrates (Pierce).

Phylogenetic tree. Raw DNA sequences were aligned using CLUS-
TAL_X [24] and neighbor-joining analysis were carried out using MEGA
3 [25]. Sequences (GenBank Accession No.) available to generate the
phylogenetic tree are as follows. Homo sapiens transcript variant 1,
NM_181672 [26], H. sapiens transcript variant 2, NM_181673 [26],
H. sapiens mitochondrial form, U77413 [27], Mus musculus, NM_139144
[28], Rattus norvegicus, NM_017107 [3], Xenopus laevis, BC082353 [29],
Xenopus tropicalis, NM_001024576 (direct submission), and Drosophila
melanogaster, AF217788 (direct submission). The aligned data set are
reproducible and significant.
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Results

Identification of six different zOGT variants in Copy-I and
Copy-II genomic sequences

During the search of zebrafish whole genome in order to
find authentic zZOGT sequence, we found two distinct geno-
mic locations designated Copy-I (C-I) and Copy-II (C-II)
containing the closest similar sequence to mammalian
OGT. We identified C-I and C-II genomic sequence to be
localized in the contig BX323828.7.1-206011 on chromo-
some 14 where C-I is localized at the genomic sequence
of 15752823 through 15732518 and C-II begins at
15712498, and there is around 20 kb gap between C-I
and C-II (Fig. 1B), suggesting that gene duplication might
occur during evolution. Relative location of exons and in-
trons in zOGT sequence of C-I and C-II is illustrated and
compared with human OGT (Fig. 1B). These results dem-
onstrate, for the first time that a novel form of zOGT is
generated by alternative splicing of 48 bp sized exon 19 that
results in insertion of 16 additional amino acids near the
COOH-terminus in catalytic domain of zOGT, which is
not found in mammalian OGT. Presence of two copies of
zOGT in C-I and C-II was further confirmed by Southern
blot analysis of BamHI digested genomic DNA (Fig. 1C).
Furthermore, transcripts-cDNA analysis of C-I and C-II
genomic sequences revealed that six different variants of
zOGT, designated varl to var6, were differentially ex-
pressed at transcriptional level (Fig. 1A). varl to var4 were
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transcribed from the C-I genomic sequence whereas var5
and wvar6 were made from C-II genomic sequence
(Fig. 1D), indicating that independent promoter specific
to C-I and C-II transcription might be present. cDNA
sequences of zOGT in C-I (varl to var4) and C-1I (vars
and var6) were compared in detail (Fig. 2), demonstrating
that alternative splicing of exon 19 was uniquely
processed in C-I transcription but not in C-1I transcription
whereas alternative splicing of exon 2a was processed in
both C-I and C-II transcription. cDNA sequences of zZOGT
variants, varl-var4 have been deposited to GenBank/
EMBL database (Accession No.: varl/, NM_001017359
(AY696178); wvar2, NM_001018105 (AY696179); var3,
NM_001018106 (AY696180); wvar4, NM_001018107
(AY696181)).

Developmental regulation of six different zOGT variants

To explore the expression level of six zOGT variants
during development, RT-PCR and quantitative RT-PCR
were performed using gene-specific primers (Fig. 2) and
cDNAs from 17 embryonic stage-specific samples including
unfertilized egg up to 120-hfp embryos (Fig. 3). To examine
total expression patterns of zOGT, RT-PCR was carried
out using primer 15 (forward)/16 (reverse), which resulted
in 457 bp of PCR product, demonstrating that total expres-
sion levels representing the mixed state of six variants ap-
peared not significantly fluctuated (Fig. 3A). Primer 11/
13 was used in RT-PCR to detect expression levels of
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Fig. 1. Genomic organization of zOGT variants and their protein profiles are schematically illustrated. (A) Diagrams of hOGT variants, var! and var2
polypeptide showing that var! is contained by exon 2a (indicated by black box) in NH,-terminus whereas var2 is not. Sizes of hOGT polypeptide of each
variant are shown in parentheses. (B) Diagrams of genomic organization of zZOGT in Copy-I and Copy-II showing numbers and relative sizes of exons and
introns. Genomic sequence containing zOGT is shown to be composed of two distinct regions of Copy-I (beginning at 15752823) and Copy-1I (beginning
at 15712498) in chromosome 14 and is compared to hOGT in chromosome X. Exons are indicated by box where exon 2a and exon 19 are represented as
black box. (C) Southern blot of zebrafish genomic DNA digested with BamHI and probed with radiolabeled DNA fragment of zZOGT. Agarose gel was
stained with EtBr (lane 1) and hybridized bands were exposed on X-ray film (lane 2). Radioactive bands derived from Copy-I and Copy-II are indicated by
arrows. DNA size markers are indicated at left bars (lane M) (10, 8.0, 6.0, 5.0, 4.0, 3.0, 2.0, and 1.5 kb DNA fragments). (D) Diagrams of zOGT
polypeptides of varl, var2, var3, and var4 transcribed from Copy-I genomic sequence, and zOGT polypeptides of var5 and var6 transcribed from Copy-11
genomic sequence. Insertion or deletion of exon 2a and exon 19 in zZOGT polypeptides is indicated by black box, and dotted line, respectively. Sizes of
zOGT polypeptide of each variant are shown as amino acid residues in parentheses.
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rimer 1
rimer 3 Exon 2a

Copy- T ATGGCGAGCTCGGTGGGGéé9QTGGCTGACAGCACACAACCAACCAAACG’T’Gﬁa'ITCCTI'CCAAGGGTI'GGCAGAGCTGGCGCACCGTOAATATCAGTCAGGAGATTITGAGGCAGCAGAGCGCCACTGTATGCAGCTGTT,-GAGGCAAGAGCCGGATAATACTGGTGTGCITCFGCTGCTCTCCFL’FATCCACTI‘CCA 200

Copy- I ATGGCGAGCTCGGTGGGAMCSCCGCTGACAGCACAEGMCCMCCAAACATG'ITCI'ITCC’ITCCMEGGG‘ITGGCACACC'H;GCGCACCG'ICMTATCAGTCAGGAGA’['lTl'GAGGCAGCAGAGCACCACTGTATGCAGC]‘ 'GTGGAGGCAAGAGCCGGATAATACTGGTGTGCTGCTGCTGCTCTCCTCTATCCACTICCA

primer 5
rimer 4

Copy- T GTGTCGCAGACTAGACAGGTCAGCTCACTTCAGCACACTGGCCATCAAGCAGAACCCCATCCTAGCTGAGGCCTACTCTAACCTGCGCAATCTTTACAAGGAGAGAGCTCAACTCCAGGAGGCCATTCAACACTATCGTCACCCTCTTCCTCTCAAACCAGACTTCATCCATGCATACATTAACCTGGCACCTCCATTGG 400
Copy-II  GTGTCGCAGGCTAGACATGTCATTTCAATTTAGCACTCTGGCCACCAAGCAGAACCCCATGCTAGCTGAGGCCTACTCTAACCTGGGCAACGTTCACAAGGAACGAGGTCAACTGCAGGAGGCCATTGAACGTTATCGTCAAGCTCTTCGTCTCAAACCAGACTTCATCGATGGATACATCAATCTGGCAGCGGCTTTGG

primer

Copy- I TGGCAGCAGGGGACATGGAGGGAGCAG’ITCMGCATA’I‘STGT(.'l‘G(TN'ITCAGIATMTCCl'GATCTATA‘ITGTGTACGCAGTGAC'I'I'GGGTAACCTGCTI'AAAGCGC'[TGGGCGCCTI'GAAGAGGCCAéGgC’[TGTTACCTGAAGGCAATCGAMCTCAGCCAAACTI'CGCFG’ITGCCTGGAGTAACC[GGGCTGT(‘}IQ 600

Copy- IT TGGCAGCAGGGGACATGGAGGGAGCAGTTCAAGCATATGTGTCTGCTCTTCATTGTAATCCTGATCTGTATTGTGTACGCAGTGACCTGGGTAACCTGCTTAAAGCGCTTGGGCGCCTTGAAGAGGCAAAGCGTTGTTACCTGAAGGCAATTGAAACTCAGCCAAACTTTGCTGTTGCCTGGAGTAACCTGGGCTGCGTG

rimer 15

Copy- 1 ‘lTCAAT(;CCCAGGGTGAGATCTGGCTGGCCATCCATCATlTl‘GAGAAGGCAGTGACACIEg::gCQQQAQR'EI'TGGATGC'ITACATCAACTI'GGGTAATGTTCTGAAAGAGGLTCGTATC'ITI‘GACAGAGCCGTl'GCTGGGTATCTCCGAGCCCITAGTCTGAGCCCAAACEQQC:ETGTI‘GTCCATGGAAACCTGGCTFC 800

Copy- Il TTCAATGCCCAGGGTGAGATCTGGCTGGCCATCCATCATTTTGACAAGGCAGTGACATTGGACGCAAGCTTTCTGGATGCTTACATCAACTTGGGTAATGTTCTGAAAGAGGCTCGTATCTTTGACAGAGCCGTTGCTGCGTATCTGCGAGCCCTTAGTCTGAGCCCAAATCACGCGGTTGTCCATGGAAACCTGGCTTG

Copy- T IE;I:ITAT[ATGAACAGGGTC[GATOGACCTAGCCATI'GACACATACCGTCGTGCCMTGAGCTGCAGCCACACTITCCTGATGCATACTGCAATCTI"GCTAATGCTCIQQQAGAAAAQCGCAATGTITCTGAAGCTGAGGAGTGTIACAACACTGCTCTGCGTC’I‘GTGCCCGACCCACGCTGACTCCCITAACAATCTGG 1000

P

Copy- T TGTGTATTATGAACAGGGTCTGATCGACCTGGCCATTGACACATACCGTCATGCCATTGAGCTGCAGCCACACTTTCCTGATGCATACTGCAATCTTGCTAATGCTATGAAGGAAAAATGCAATGTTTCTGAAGCTGAAGAGTGTTACAACACTGCTCTGCGTCTGTGCCCAACCCACGCTGATTCCCTTAACAATCTGG

Copy- I QQQQCATCMGCGTGAGCAGGGCMLM

TG luuwuuACAGGAMGCACTGGAGGTGT[‘CCCAGMTITGCCGCI‘GCTCA’ITCAMCCTI'GCCI\GTGTCCTGCAGCAGCMGGMMCT[CMGMGCCCTCATGCACEQ’EMGGAGGCCI\TCAGAATCAGCCC[ ACATTTGCGGATGCTTACTCCAAC 1200

ARRRA ARAK

Copy- I CCAATATCAAGCGTGAGCAGGGCAACATTGAGGAGGCCCTGCAGCTCTACAGGAAAGCACTGGAGGTGTTCCCAGATTTTGCTGCTGCCCATTCAAACCTTGCCAGTGTCCTGCAGCAGCAAGGAAAACTTCAAGAAGCCCTCATGCATTATGAGGAGGCCATCAGAATCAGCCCCACATTTGCGGATGCTTACTCCAAC
—

primer 16

Copy- T ATGGGCAACACITI'GAAAGAGATGCAEEQEGTTCAGGGGGCGE‘QEAATGCTACAC'I'C(‘.AGCCA’l'l'CAGA’ITAATCCTGCTI'I'I'GC'I'GA'NCTCACAGTAA'IT[GGC‘ITCCATACACAAAGACTCTGGGAACATI'CCTGAAGCAATI‘GCATCITATCGCAENCGCTGAAGCTCAAGCCAGATFTCCCAGATGCTTAW 1400

Copy- Il ATGGGCAACACTCTGAAAGAGATGCCGGATATTCAGGGGGCACTGCGGTGCTACACTCGAGCCATTCAGATTAACCCTGCTTTTGCTGATGCTCACAGCAATTTGGCTTCCATACACAAAGACTCTGGGAACATTCCTGAAGCAATTGCATCTTATCGCACTGCGCTGAAGCTCAAGCCAGATTTCCCAGATGCTTATTG
Copy- 1 TAACCHGCTCAT[GTLTACAGATI'GTATGTGATI'GGACTGA‘ITATGAAGAG(‘)GCATGAAGAAACTGGTGAGCATl'GTl'GCTGATCAGTI'GGAGMGAACCGCCWCCATCTGTGCATCCGCATCACAGCATGCTE{Q’ESECQIQ’E‘TICACGGTITCCGCAAGGCCATI'GCA[}AGAGACATGGCMCTTGTGTCTTGACA 1600

Copy-IT  TAACCTTGCTCATTGTCTACAGATTGTATGTGATTGGACTGATTATGACGAGCGCATGAAGAAACTGGTGAGCATTGTTGCTGATCAATTGGAGAAGAACCGCCTGCCGTCTGTGCATCCGCATCACAGCATGCCTTATCCTCTCTCACACGGTTTCCGCAAGGCCATTGCAGAGAGACATGGCAACTTGTGTCTTGACA
Copy- I AGATCAATCCTCTI‘CATAAACCTCCTI‘ATCAGCATCCAAAGGACCTCAAACCCAGTI‘CACCCCCAT[CCCACTACCTI'ACAITAGCTCAEATFFFCGCAACCATCCTAC‘I’ECCA’[CITA’H;CAATCCQI'IU,TGCCATCCACAACTCTGAGAACTI‘[CAGGTI‘ITCTGL'IATCCT CTCAGCCCTGATGACGGCACCAAC 1800

Copy- Il AGATCAATGCTCTTCATAAAACTGCTTATGAGCATCCAAAGGACCTGAAAGCCAGTTCAGGTCGATTGCGAGTGGGTTACATTAGCTCTGACTTTGGCAACCATCCTACTTCCCATCTCATGCAATCAATCCCTGGCATGCACAACTCTGAGAAGTTTGAGGTGTTCTGCTATGCTCTCAGCCCAGATGACGGCACCAAC
Copy- I ETAGAGTIAAAGTCATGGCAGAGGCTCATCACHCATI'GACLTI'[CACAGA’ITCCLTGTAATGGAAAAGCIGCAGACAGGATCCA’I’CAAGATGGAATCCACATCCTGGTCAACATGMTGECEQIQSAAAAGGAGCACGCMTGAGCTG]TIGCAT[GCGCSE&GQGCCCA’ITCAGGCCATGTGGCITGGATACCCAGG 2000

Copy- T TTCAGAGTTAAAGTCATGGCTGAGGCTCATCACTTCATTGACCTTTCACATATTCCCTGTAATGGAAAAGCTGCAGACAGGATCCATCAAGATGGAATCCACATCCTGGTCAACATGAACGGTTATACTAAAGGAGCACGCAATGAGCTGTTCGCATTGCGGCCAGCACCCATTCAGGTCATGTGGCTTGGATACCCAGG
Copy- I CACCAGTGGAGCTCCA’['[TATGGACTACA’[TQICAETQQTQQESCAQEGTCTCCCAWGAGGTI'GCTGAGCAGTACTCAGAGAAACIEQCATACATGCCG&IA(;I'HC’ITCA‘[TGGAGANATGLTAACATGTI‘CCLTCACCTI'AAGAAMAGQQTGHAIT%CmwTCAAATGGGCACA’ITT’I’I‘GACMTCGCA 2200

[P R bttty

Copy- Il CACCAGTGGAGCTCCATTTATGGACTACATAGTTGGGGATAAGGTGACTTCTCCCATTGAGGTTGCAAAGCAGTACTCAGAGACTCTGGTGTACATGCCAAATTCATTTTTCATTGGGGATCATGCTAACATGTTCCCACACCTTAAGAAAAAAGCAATTGTCGAATTCAAGTCAAATGGGCACATTTTTGACAATCGCA

rimer 7

Copy- I Hﬂ'fCTGAATGGCAT['GA’I‘CTGmECAITC(,'I'GGAAAGCCTCCCGGATGTCAAAG’ITCTGAAGATGGAATGTGATGC’EQQEAgETT%IEQCACTAATGGTGCCCTI'l‘CCATGCCCA’ICATCCCTATGAACACAQEAGCI'GAEGCCATCA'ITAACATGMTMCCAAGCLCAGATCCAAGTCACCATCMT&}&IE 2400

Copy- IT  TTGTGCTGAATGGCATTGATCTAAAAGTGTTCCTGGAAAGCCTGCCGGATGTCAAAGTTTTGAAGATGGAATGTGATGATCAAGTGGCCCCTCATAGTAATGGTGCCCTGTCCATGCCCATCATCCCTATGAACACCGCTGCTGAGGCCATCATTAACATGATTAACCAAGGCCAGATCCAGGTCACCATCAACGGCTTT

primer 9

Exon 19

primer 12

Copy- T ACCGTCAGCAATGGCCTGGCCACCACACAGATTTTTACAGT

primer 8

TGTAGTAT L1lM,ACTCTAGCGTTGCAG‘A'I'I'AACAA‘I‘AAACCAGCAACAGGAGAACAAGITCCCQCQQECATI'GTGGTGACCACCCCCF CACAATATGCCCTTCCTGAAEQCISTATI‘GTCTAWCCMCTI'CAACCAGC]CTATAAGAT 2600

Copy- T ACCGTCAGCAATGGCCTGGCCACCACACAG primer 11

ATTAACAATAAAGCAGCAACAGGAGAAGAAGTTCTTAAAACAATTGTGGTGACCACCCGCTCACAATATGGGCTTCCTGATGATTCAATTGTCTATTGCAACTTCAACCAGCTCTATAAGAT (2552)

primer 10

Copy- I TGACCCTCCAACCCTGCAGATGTGGGCCAATATCCTGAAGCGTGTGCCCAACAGTGTAATCTGGCTGCTGCGCTTCCCAGCCGTGGGTGAGCCCAATATCCAGCAATACGCTCAGAACCTGGGCCTGCCTGCCTCTCGCATCATCTTCTCTCCTGTGGCTCCCAAAGAGGAGCATGTACGACGTGGACAGTTGGCTGATG 2800

Copy- II  TGACCCTCCAACCCTGCAGATGTGGGCCAATATCCTGAAGCGTGTGCCCAATAGTGTAATCTGGCTGCTGCGCTTCCCAGCCGTGGGTGAGCCCAATATCCAGCAGTACGCTCAGAATCTGGGCCTGCCTGCCTCTCGCATCATCTTCTCTCCTGTGGCTCCCAAAGAGGAGCATGTAAGACGTGGACAGTTGGCTGATG (2752)

Copy- I TGTGCCTGGACACCCCGCTCTGTAATCGCCACACCACAGGCATGGATEIQQIGTGGGCTGGTACCCCCATCGTTAf‘ AATGCC

primer 13

GTTGGCTT CACQCgICEgI%ITCTCAGCTCACCTGTCTI‘GGCTGTCCIGMCI' CATCGCTCAGAGCCGTCAGGAGTATGAAGATGTTGCAGTAAAGCTTGGCACTGAT 3000

Copy-II  TGTGCCTGGACACCCCGCTTTGTAATGGCCACACCACAGGCATGGACGTGCTCTGGGCTGGAACCCCCATGGTTACAATGCCAGGAGAGACGTTGGCTTCATGTGTTGCTGCATCTCAGCTCACCTGTCTTGGCTGTCCTGAACTCATCGCCCGGAGCCGTCAGGAGTATGAAGACATTGCAGTAAAGCTTGGCACTGAT (2952)

primer 14

Copy- I ATGGAATI‘C’l'l'GAAGAAGG'I‘GCGTGCCCGCGTCTGGAAGCAGCGGATCTGCAGCOCGCTC’l'l‘CAACACCAAACAGTACA(‘LAIQG:}EQIAGAGAAACITTACCTGCAGATGTGGGAGAANA’I‘GCTAGCGGAGGCAMCCI‘GACCACCTGGTCAAAATGCAGTCNTGGAGACCAGCGAGAGCACCTGA 3189

Copy- Il ATGGAATTCCTGAAGAAGGTGCGTGCCCGCGTCTGGAAGCAGCGGATCTGCAGCCCTCTCTTCAACACCAAACAGTACACCGTGAACCTGGAGAAACTTTACCTGCAGATGTGGGAGAATCACGCTAGCCGAGGCAAACCTGACCACCTGGTCAAAATGCAGTCTCTGGAGACCAGCCAGAGCACCTGA (3141)
—

primer 2

Fig. 2. Comparison of cDNA sequence of zOGT in Copy-I and Copy-II in which numbering starts at ATG codon and primers used in PCR are
indicated with sized arrows with own specific numbers. Exon 2a and exon 19 are represented as box with dotted line. Sequence identities are indicated with

asterisks (*).

varl and var2, and interestingly, expression of zOGT varl
and var2 was substantially high at early stages including
unfertilized egg until dome or sphere stage and gradually
repressed in subsequent stages (Fig. 3B). These results
strongly indicate that transcripts of var!/ and var2 could
be maternally supplied and processed by a unique alterna-
tive splicing resulting in the insertion of a novel exon 19 se-
quence. In contrast, expression of zOGT var3 and var4 by
RT-PCR using primer 12/13 showed exactly reversed pat-
terns of varl and var2 (Fig. 3C). We further verified these
expression patterns to be consistently occurring by quanti-
tative RT-PCR using primer 7/8 (Fig. 3D). Expression of
zOGT var5 and var6, by RT-PCR using primer 12/14, how-
ever, turned out to be very gradually decreased during en-
tire stages (Fig. 3F). Next, to determine relative difference
of transcription level between varl and var2, and between
var3 and var4, we further performed quantitative RT-
PCR using primer 3/4, and primer 5/6, respectively, reveal-
ing that varl, not var2, was exclusively transcribed at early
stages, and var3, not var4, was exclusively transcribed at
late stages (Fig. 3E). Together, these findings suggest that

expression of six variants of zOGT may be differentially
regulated at transcriptional level during embryo develop-
ment. Expression of B-actin was estimated as a loading
control (Fig. 3G).

Protein O-GleNAcylation of zOGT variants in E. coli-p62
system

To investigate whether six variants of zOGT possess
enzyme activity of protein O-GlcNAcylation in vivo, we
newly established E. coli-p62 system (unpublished). zOGT
varl-6, including human and rat OGT cloned in pMAL-
c2 expression vector, were co-expressed in p62-trans-
formed E. coli and bacterial cell lysates were analyzed
by immunoblotting using RL2 antibody [15]. Surprisingly,
our data showed that only var3 and var4 were functional-
ly active whereas varl, 2, 5, and 6 were completely inac-
tive. Particularly, these data suggest the possibility that
insertion of 16 amino acid residues in var/ and 2 might
be deleterious on the catalytic activity of OGT
(Fig. 4A). Furthermore, our data showed that capability
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457 bp (zOGTtotal)

546 bp (zOGTvarl,2)

531 bp (zOGTvar3,4)

256 bp (zOGTvar1,2
208 bp (zOGTvar3,4;

234 bp (zOGTvarl,3
204 bp (zOGTvar2,4

218 bp (zOGTvar5,6)

500 bp(B-actin)

Fig. 3. RT-PCR analyses for expression of zOGT variants at transcriptional level during embryogenesis. (A) Amplifications of mRNAs extracted from
zebrafish in 17 specific developmental stages (lanes 1-17) were performed by RT-PCR using primers 15 (forward)/16 (reverse) for analysis of total
expression level of ZOGT. (B) RT-PCR using primer 11/13 for expression of zZOGT varl and var2. (C) RT-PCR using primer 12/13 for expression of zZOGT
var3 and var4. (D) Quantitative RT-PCR using primer 7/8 for simultaneous analysis of exon 19 insertion in zZOGT varl and 2, and var3 and 4. (E)
Quantitative RT-PCR using primer 3/4 for simultaneous analysis of exon 2a insertion in zZOGT var! and 2, and var3 and 4. (F) RT-PCR using either
primer 9/10 or primer 12/14 for expression of zZOGT var5 and var6. (G) RT-PCT using primer17/18 for expression of actin as a control. In each panel,

PCR product is indicated by an arrow with expected size.
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Fig. 4. In vivo OGT activities of transcriptional variants of zOGT. (A)
cDNAs for zOGT variants were co-expressed with p62 substrate in E.
coli-p62 system and GlcNAcylation of p62 was analyzed by immuno-
blotting using RL2 antibody. Reaction product produced by in vivo OGT
action in zOGT transformants is designated gp62 and indicated with an
arrow. As a control, OGT activities in transformants of cDNAs of
mammalian OGT (human and rat) and mock transformants of vector
alone were assayed (lanes 1-3). (B) Expression levels of p62 (T7-tagged) in
all OGT transformants were analyzed by immunoblotting using T7
antibody. p62 and gp62 are indicated with arrows. (C) Expression levels of
OGT (MBP-fused) in all OGT transformants were analyzed by immuno-
blotting using MBP antibody. Expressions of OGT and MBP are
indicated with arrows.

of protein O-GlcNAcylation toward p62 substrate of var3
could be more active than that of var4 (Fig. 4A, lanes 6
and 7). As a control, expression levels of p62 and OGT
were determined by immunoblot analysis using T7 anti-
body for p62 (Fig. 4B) and MBP antibody for OGT,
respectively (Fig. 4C), demonstrating that expression lev-
els of substrate and enzyme in vivo were similar in all
transformants.

Comparison of zOGT protein sequence and phylogenetic
analysis

cDNA translated protein sequences of zOGT in C-I
(1062 aa) and C-II (1046 aa) were aligned with human
OGT (1046 aa), showing that in C-I, 16 amino acid
residues near the COOH-terminus could be inserted
or not inserted by alternative splicing to generate a
new form of OGT (Fig. 5A). Phylogenetic analyses of
OGTs among several different species were performed
using CLUSTAL_X (version 1.83) for alignments of
amino acid sequences followed by pairwise distance
analyses of neighbor-joining method using MEGA 3
(Fig. 5B).

Discussion

Zebrafish is well known as a mainstream model system
for the understanding of vertebrate development and also,
it has been used as alternative model species for identifica-
tion of genetic factors in human diseases [20]. Here we have
identified six different transcriptional variants of zZOGT se-
quence, designated varl to var6, in zebrafish and analyzed
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Fig. 5. Alignment of zOGT protein sequences and phylogenetic tree analysis (A) Amino acid sequences of zOGT from Copy-I and Copy-II were
compared to that of human OGT. Amino acids that are completely identical in three alignments are shaded in black, and amino acids that are partially
identical are shaded in gray. Sequences of exon 2a and exon 19 are represented by box and underline, respectively. Absence of exon 19 motif in human
OGT and zOGT of Copy-II is represented as an empty space in the alignment. (B) Amino acid sequences of OGT among species were analyzed by
CLUSTAL_X followed by neighbor-joining methods using MEGA 3. The scale bar corresponds to 0.05 substitutions per 100 positions per unit branch.
Sequences used to generate the phylogenetic tree are as follows. H. sapiens transcript variant 1 (NM_181672), H. sapiens transcript variant 2
(NM_181673), H. sapiens mitochondrial form (U77413), M. musculus (NM_139144), R. norvegicus (NM_017107), X. laevis (BC082353), X. tropicalis

(NM_001024576), and D. melanogaster (AF217788).

expression patterns of these OGT variants at the RNA le-
vel during embryogenesis. Moreover, we have expressed
zOGT variants in E. coli-p62 system and determined their
OGT activities in vivo.

Based on the genome data search of zebrafish (Danio
rerio), we have found two copies of zOGT genomic
sequence, designated C-I and C-II, that are closely local-

ized in chromosome 14. We have further confirmed the
presence of two copies of zZOGT on C-I and C-II by South-
ern blot analysis. It is interesting that six zOGT variants
are differentially transcribed from C-I and C-II during
embryogenesis, respectively, indicating that expression of
these zOGT variants may be regulated embryonic stage-
specifically during development (Fig. 3). Varl through
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var4 turned out to be transcribed from the C-I genomic se-
quence whereas var5 and var6 are generated from the C-II
genomic sequence. It seems likely that C-I genomic se-
quence may be gene-duplicated to produce C-II as a paral-
og during evolution. In particular, comparison with other
mammalian OGT shows that zOGT, such as var! and
var2, contains a novel exon 19 which is not found in mam-
malian OGT. It is of interest to note that these transcrip-
tional variants appear to be highly expressed at early
stage of development including unfertilized egg until at
dome stage. Considering the timing of major zygotic tran-
scription [30] and beginning of midblastula transition
(MBT) in zebrafish [31], these data strongly suggest a pos-
sibility that varl and var2 may function as maternal tran-
scripts to generate a novel form of OGT during early
embryogenesis in zebrafish. Particularly, varl rather var2
turned out to be a major transcript by quantitative RT-
PCR (Figs. 3B and E). Interestingly, transcription patterns
of var3 and var4 show exactly reverse fashion of var/ and
var2, whereas var5 and var6 are almost constantly ex-
pressed during entire stages of zebrafish development.
And also, var3, rather var4, turned out to be a major tran-
script by quantitative RT-PCR. Together, these data sug-
gest that during early development of zebrafish,
alternative splicing to insert both exon 2a in NH,-terminus
and exon 19 in COOH-terminus might be predominantly
activated. At late stages of development, however, alterna-
tive splicing to insert only exon 2a in NH,-terminus could
be continued, whereas splicing activity for insertion of exon
19 in COOH-terminus might be repressed.

To assess OGT activity in vivo, we have established
E. coli-p62 system in which p62 is co-expressing with
OGT followed by immunoblot analysis of O-GlcNAcylat-
ed p62 (unpublished). OGT activities of varl and var2
determined in E. coli-p62 system are non-functional while
those of var3 and var4 are normally active as much as hu-
man and rat OGT (Fig. 4A), demonstrating that an inser-
tion of sixteen amino acids encoded by exon 19 completely
abolishes the conventional OGT activity. Based on se-
quence comparison with var3 and 4, and mammalian
OGT, it is very likely that insertion of exon 19 in zOGT
may change the enzyme specificity of protein substrates.
We are currently investigating this hypothesis. These re-
sults also indicate that normal OGT activities of var3 and
var4 might be more necessary at late stages than at early
stages (before dome stage) including unfertilized egg during
embryogenesis. To our knowledge, this is the first report to
suggest that the expression of OGT can be developmentally
regulated at the RNA level. Transcriptions of var5 and var6
seem to be almost constantly active during entire stages of
development; however, their OGT activities are completely
null. Based on the sequence comparison with mammalian
OGT, it is very likely that var5 and var6 might contain mul-
tiple point-mutations in catalytic domain that might be
crucial for OGT activity (Fig. 5A). Notably, our data sug-
gest that insertion of exon 2a in var3 results in more en-
hanced OGT activity than var4 in which exon 2a is

deleted (Fig. 4A, lanes 6 and 7) although the addition of
exon 2a in NH,-terminus of zOGT appears to not greatly
affect OGT activity. These observations are further sup-
ported by identical levels of OGT and p62 expressions in
transformants of var3 and var4 (Figs. 4A and C, lanes 6
and 7).

Protein O-GlcNAcylation in vivo by OGT is essential
for cell viability in mammals and seems to be tightly
linked to embryo stem cell division [18,28]. Our phyloge-
netic analyses of OGT among various species demonstrate
that amino acid sequence of zOGT shows almost more
than 90% homology to mammalian OGTs and also, pro-
tein domains of OGT are highly conserved among species
(Fig. 5A). Therefore, it is very reasonable to consider that
zOGT variants may critically be involved in zebrafish
embryogenesis as in mammals. In the present study, our
data demonstrate that a novel form of zOGT can be ex-
pressed by alternative splicing as a maternal transcript
in early development of zebrafish including unfertilized
egg. These results suggest a possibility that this novel
zOGT may be specifically functioning during early em-
bryo-development in zebrafish. Further investigation is
necessary to find its function.
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