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By employing a bovine UDP-N-acetylgalactosamine: polypeptide N-acetylgalactosaminyl transferase (O- 
GalNAc transferase) eDNA as a probe, we isolated four overlapping cDNAs from a porcine lung cDNA 
library. Both the nucleotide sequence of the porcine cDNA and the predicted primary structure of the protein 
(559 amino acids) proved to be very similar to those of the bovine enzyme (95% and 99% identity, 
respectively). Transient expression of the clone in COS-7 cells, followed by enzymatic activity assays, 
demonstrated that this cDNA sequence encodes a porcine O-GalNAc transferase. The intracellular O- 
GalNAc transferase activity was increased approximately 100-fold by transfecting cells with the porcine 
eDNA. 

Keywords: UDP-N-acetylgalactosamine; polypeptide N-acetyl galactosaminyl transferase, glycosyltrans- 
ferase, O-linked sugars, mucin, porcine 

Abbreviations: O-GalNAc transferase, UDP-N-acetylgalactosamine: polypeptide N-acetylgalactosaminyl- 
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Introduction 

There are a number of reports indicating functional roles 
of mucin type sugar chains on glycoproteins [1] e.g. as 
carriers of blood-type antigen in self non-self recognition, 
as ligands for selectins in recruiting lymphocytes at 
inflammatory sites [2], and as ligands for cell to cell 
interaction in metastasis [3]. Several bioactive soluble 
proteins, like cytokines, also have mucin type sugar 
chains. It has been suggested that mucin type sugar 
chains have a functional role as an extension of the 
protein portion [4], but which may be less remarkable 
than that of Asn-linked sugar chains [5]. 

UDP-N-acetylgalactosamine: polypeptide N-acetylgal- 
actosaminyl transferase (O-GalNAc transferase) initiates 
the biosynthesis of mucin type sugar chains on glycopro- 
teins. This enzyme was first purified by Sugiura et al. in 
1982 from the ascitic tumour cell AH66 [6]. Then, 
Takeuchi et al. [7], Elhammer et al. [8] and Wang et al. 
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[9] purified the enzyme from bovine mammary gland, 
bovine colostrum, and porcine submaxillary gland, re- 
spectively. Recently, two groups have isolated the bovine 
O-GalNAc transferase gene [10, 11], and several groups 
have described the substrate specificity of the O-GalNAc 
transferase [12-14], making that enzyme a major topic in 
the glycobiology field. 

We have described a function of mucin type sugar 
chains in casein micelle formation [15], and several 
functions of Asn-linked sugar chains in the bioactivity of 
human erythropoietin [16, 17]. It would be of great 
interest to determine the functions of sugar chains for 
other proteins. This requires detailed information about 
peptide sequences which affect glycosylation. However, 
to design and produce mucin type glycoproteins, we must 
first obtain significant quantities of O-GalNAc trans- 
ferase. In this paper, molecular cloning of porcine lung 
O-GalNAc transferase cDNA and its expression in 
COS-7 cells are described. 



Cloning and expression of a porcine UDP-GalNAc 

Materials and methods 

PCR amplification of bovine O-GalNAc cDNA 

Bovine small intestine cDNA (Clontech) was used as a 
template to generate bovine O-GalNAc transferase by 
using the PCR reaction. The cDNA segment was ampli- 
fied by using the sense primer 5'-TTCTGCAGCCAT- 
GAGAAAATTTGCATACTGC-3'  and the antisense 
primer 5 ' -ATGGTACCTCAGAATATTTCTGGAA- 
GGGTGA-3' [10]. PCR was carried out for 35 cycles 
(1rain at 94°C, l m i n  at 45°C, and 2rain 72°C). 
Amplification was performed using Perfect Match TM 

polymerase enhancer (Stratagene) and Taq polymerase 
(Perkin-Elmer) in the supplied buffer. After amplifica- 
tion, the cDNA was cloned into pUC18 using SureClone 
Ligation Kit (Pharmacia). 
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imidazole-HCl(pH 7.2), 10 mM MnC12, 0.5% Triton 
X-100 and disrupted by sonication. The lysates were 
centrifuged and the supernatant was assayed for O- 
GalNAc transferase activity. 

The plasmid pCHl10 (Pharmacia), containing a /3- 
galactosidase gene, was transfected to measure the trans- 
fection efficiency, as described above. The cells were 
fixed in 0.25% glutaratdehyde and stained in 0.05% 
5-bromo-4-chloro-3-indolyl-/3-D-galactoside (X-gal), 5 mM 
K3Fe(CN)6, 5 mM K4Fe(CN)6 , and 2 mg  MgC12 at 37 °C 
for several hours. 

O-GalNAc transferase enzymatic assays 
Enzymatic assays for O-GalNAc transferase were per- 
formed as described by Elhammer and Kornfeld [19]. 

Screening of porcine cDNA library 
A porcine lung cDNA library (Clontech) was probed 
with the N-terminal part of the bovine O-GalANc 
transferase gene at a reduced hybridization stringency. 
The probe was approximately 1.2kb long and was 
labelled by using the random primer labelling kit Ver. 2 
(Takara Shuzo). Hybridization was carried out in 
5 x SSPE/5 x Denhardt's solution/0.5% SDS at 55 °C. 
The filters were washed in 2 x SSPE/0.1% SDS at 55 °C 
[181. 

DNA sequencing analysis 
DNA sequencing was carried out using the AmpliTaq 
DyePrimer Cycle sequencing kit (Applied Biosystems) 
and an Applied Biosystems model 373A sequencer. 

Transient expression of bovine or porcine O-GalNAc 
transferase in COS-7 cells 
The porcine and bovine cDNAs encoding the putative 
open reading frame of O-GalNAc transferase were 
ligated into the plasmid expression vector pSVL (Phar- 
macia). COS-7 cells (RIKEN Cell Bank, Tsukuba Sci- 
ence City, Japan) were transfected with the pSVL alone 
or with pSVL containing porcine or bovine cDNA by 
electroporation. Approximately 5 x 10 6 cells in 0.8 ml of 
PBS(- )  (Nissui Pharmaceutical) were transferred to a 
0.4 cm cuvette and mixed with 10 ~g of plasmid DNA. 
Electroporation was performed at room temperature at 
1600 V and 25 #F by using a Gene Pulser apparatus 
(Bio-Rad). The cells were then transferred at 90 mm 
culture dishes in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum. After a 67 h 
incubation at 37 °C, the cells were rinsed with PBS(-) ,  
harvested by scraping, washed again with PBS(-) ,  and 
centrifuged to pellet the cells. After the PBS(- )  had 
been aspirated, the cell pellet was resuspended in 50 mM 

Results and discussion 

A porcine lung cDNA library was screened using the 
bovine O-GalNAc transferase cDNA as a hybridization 
probe. Four overlapping O-GalNAc transferase cDNA 
phage clones, )@LOT-l, ).PLOT-2, )~PLOT-3, and 
~PLOT-4, were isolated after screening approximately 
8.0 x 105 recombinant phages. Restriction digestion and 
nucleotide sequence analysis of these clones revealed that 
they were overlapping and covered a total length of 
approximately 2.8 kb (Fig. 1). 

The sequence data obtained from four ~ clones were 
used to construct a fulMength cDNA, whose complete 
sequence is shown in Fig. 2. The final construct contains 
a 1677 bp open reading frame and 5' and 3' untranslated 
regions of 604 bp and 517 bp, respectively. The putative 
initiation site is the ATG at position 605, which is 
preceded by a relatively long 5' untranslated region, and 
is nine bases downstream of the TAA stop codon at 596. 
A polyadenylation signal, having the consensus sequence 
AATAAA,  is located at position 2722 in the 3' untrans- 
lated region. The open reading frame encodes a 559 
amino acid protein with a calculated molecular mass of 
64115 Da. Hydrophobicity analysis [20] of the amino 
acid sequence indicated a putative signal-anchor domain 
near the N-terminus, amino acids 9-26, as expected for a 
type II membrane protein similar to other lumenal Golgi 
glycosyltransferases [21]. There are three potential N-gly- 
cosylation sites having the consensus sequence N-X-S/I'. 

The nucleotide sequence and the predicted amino acid 
sequence of the porcine O-GalNAc transferase were 
compared with those of the bovine enzyme. Both se- 
quences were found to be very similar, with 95% and 
99% identity, respectively [10]. Unlike other glycosyl- 
transferase families that generally have species variations 
in the cytoplasmic tails and/or the stem regions, all four 
amino acid substitutions for the two O-GalNAc trans- 



826 

I 
1.0 

I 
2.0 

Y o s h i d a  et al. 

I 
2.8 (kb) 

Kpn I Eco RI Xba I Bgl  II Xba I $ tu  t Eco RI Kpn  I Xba I 

I I i ! , , , , , 
' I 

v 

Pst I Pst 1 

I I 
im,,llll ] 

XPLOT-2 

XPLOT-3 

XPLOT-4 

~PLOT-1 

Figure 1. Restriction map of the porcine O-GalNAc transferase cDNA clones. The protein coding region of the O-GalNAc 
transferase and the noncoding regions are represented by an open box and thin lines, respectively. The arrow indicates the direction 
of transcription. Thick lines indicate the insert regions of phage clones. 

ferases occurred in the catalytic domain [21]. These 
amino acid substitutions may cause subtle differences 
between the kinetic parameters of the bovine and porcine 
enzymes. Investigation of the significance of these differ- 
ences may further our understanding of the O-GalNAc 
transferase aiding future protein engineering studies. 

To determine if the open reading frame encodes a 
functional O-GalNAc transferase, the putative coding 
region was subcloned into the mammalian expression 
vector pSVL and tested in transfection experiments. 
Plasmids, containing the porcine or bovine cDNA, were 
transfected into COS-7 cells. Identical cultures of cells 
were transfected with the vector alone as a control. The 
cells were harvested after 67 h and assayed for O- 
GalNAc transferase activity using apomucin as an accep- 
tor. O-GalNAc transferase activity of the cells trans- 
fected with the porcine cDNA was five-fold higher than 
the cells that received vector alone (Fig. 3), indicating 
that this cDNA sequence encodes a porcine O-GalNAc 
transferase. By taking into consideration the transfection 
efficiency, determined by transfection with pCHl l0 ,  the 
intracellular O-GalNAc transferase activity per cell was 
estimated to be increased about 100-fold. In the case of 
bovine cDNA, the increase of intracellular O-GalNAc 
transferase activity was estimated to be about 180-fold. 
These expression levels of O-GalNAc transferase are 
relatively low. Transient expression levels in COS cells 
generally increase several thousand-fold; Nishikawa et al. 
reported that GnT-III activity of COS-1 cells transfected 
with rat GnT-III cDNA was increased approximately 
500- to 3600-fold regardless of transfection efficiency 
[22]. Whether a specific control mechanism suppresses 

O-GalNAc transferase activity in COS-7 cells remains to 
be determined. 

The purification of O-GalNAc transferase from por- 
cine submaxillary glands has been described by Wang et 
al. [9] who by using N-glycanase digestion, have shown 
that the O-GalNAc transferase is a glycoprotein with 
N-linked oligosaccharides. This observation is consistent 
with the existence of three potential N-glycosylation sites 
in the amino acid sequence. Translation of the open 
reading frame encoded by the O-GalNAc transferase 
cDNA predicts a protein of about 64 kDa. This is larger 
than the size observed for affinity purified porcine 
submaxillary gland O-GalNAc transferase, which ap- 
pears as a band of 60 kDa on SDS-PAGE after N-glyca- 
nase digestion. This difference may be caused by proteo- 
lysis of the submaxillary enzyme during purification. A 
similar difference between calculated and observed 
molecular mass has been detected in rat liver/3-galacto- 
side oi2,6-sialyltransferase, suggesting the proteolytic re- 
moval of the N-terminal membrane domain [23]. The 
cleavage of the intact enzyme to soluble, lower molecular 
mass forms may reflect a normal proteolytic event that 
allows the enzyme to be released from cells, since soluble 
O-GalNAc transferase has been detected in bovine 
colostrum [8]. 

In conclusion, we have isolated a cDNA containing the 
entire O-GalNAc transferase coding sequence that ex- 
presses a catalytically active enzyme after transient 
transfection into COS-7 cells. Stable transfectants of 
several cell lines are now being prepared to be used in 
experiments designed to test the biological influence of 
O-GalNAc transferase in cells. 
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I01 ;~GCCC'~C-CTCCAGACGGTCCCAGGCCACCTTCCCC CACCACACGCCACCGCTC TCGGACGGAGTCCGGACTCCGCGAGACTACGAGGGTCTTGAGAGGAGG 200 

201 ~TGGAGGCAGTGAAATCTTCCTC43ATCTACACCTTAGAGCCACCCCGCAGC TGCCCCATG TTCAGAAGTGACACAGCTTCTCGAAACCATGCAAG 300 

301 GACAACTC~TG TC~CTAACTTGGCCAACAATGC TGGATTCAGC TGG TGGAGTGGCAGGAAGGGAGATGCAGTCTAGGAGGTTTTAGATACTTG TATC 400 

401 CTTAAATCTTTAATCCACCTC~ AAC TGGATATTTGGATGG TG AGAGGAGATG TGGGACATG TGGATTTGGGATATGAATTCATTTGAAAAGCCACTTTGG 500 

501 GGTTATGAACGTGATTTCTGATG AAACTGGATTGGAATAATTTTCATGATC TTTG TATATTTATATATATATATTTTAAAATTTTGCATTTTACTTAAAG 800 

601 TC.CCATGAGAAAATTTGCATATTGCAAGG TC-G TC CTAGCCACCTCC Tq'GATTTGG G TAC TTTTGG ATATGTTCCTGCTGC TGTACTTCAG TGAATGCAAC 700 
1 M R K F A Y C K V V L A T S L I W V L L D M F L L I~ Y F S E C N 32 

701 AAATGTGATC~AAAGAGGACTTCX~TGCTGGGGATGTTC TAGAGCCAGTACAGAAGCC TCATGAAGGTCCTGGAGAAATGG~C~G 800 
32 K C D E K K E R G L P A G D V L E P V Q K P H E G P G E M G K P V 65 

801 TC ATTCCTAAAC~CAAGAT AAG ATG AAAG AGATG TTTAAAATC AAT~ AG TTC AATT T AATGGC AAGTG AGATGATTC42AC TCAACAGATC TTTAC C 900 
66 V I P K E D Q Q K M K E M F K I N Q F N L M A S E M I A L N R S L P 99 

901 AGATG ~TTAG~TGTAAAACAAAGG TG TATC CAGATAATCTTCC TACAACAAG TGTGG TGATSG TTTTCCAC AATGAGGCTTGGAGTAC GC TT 1000 
99 D V R L E G C K T K V Y P D N L P T T S V V I V F H N E A W S T L 132 

1001 CTGCGAACTG TCCATAG TG TCATTAATCGC TCACCAAG AC AC ATGC TAG AAGAAATTGT TC TAG TAGATGATGCCAGTGAAAGAGAC TTTTTGAAA/KIAC ii00 
132 L R T V N S V I N R S P R H M L E E I V L V D D A S E R D F L K R 165 

II01 CTCTAGAGAGTTATG TGAAAAAG TTAAAAG TACC GG TTCATG TAATTC G AA~GGAGC AAC G TTC TC, G ATTG ATCAGAGC TAGATTAAAAGGAGC TGCTG T 1200 
166 P L E S Y V K K L K V P V H V I R M E Q R S G L I R A R L K G A A V 199 

1201 GTCTAAAGGTCAAGTGATC ACCTTTTTAGACGCTCAC TGTGAGTGTACAGTGG GG TGGCTGGAGCCTCTCTTAGCCAGGATCAAACATGACAGGAAGACA 1300 
199 S K G Q V I T F L D A H C E C T V G W L E P L L A R I K H D R K T 232 

1301 GTC~TGTCCTATCATTGACG~C~ATCAGTGATGATAC Y'FTTGAG TACATGGC A~GTTCTGACATGACCTATGGCGC~ TTC~C ~ C ~ T ~ C  1400 
232 V V C P I I D V I S D D T F E Y M A G S D M T Y G G F N W K L N F 265 

1401 GCTC~TATCCTGTTCCCCAAAGAGAAATGGACAGAAGGAAAGGTGATCGTACTCTTCCCGTCAGAACACCTACAATGGCAC~AGGCCTTTTTTCAATAGA 1500 
266 R W Y P V P Q R E M D R R K G D R T L P V R T P T M A G G L F S I D 299 

1501 CAC~ATTAC TTTCAGGAAATTGGAACATATG ATGC TG GAATGGATATTTGGGGAGGAG AAAACC TAGAAATTTC C TTTAC-GATTTGGCAG TGTGGAGGG 1600 
299 R D Y F Q E I G T Y D A G M D I W G G E N L E I S F R I W Q C G G 332 

1601 ~ATr~TTG TTAC TTGC TCACATG TTGG AC ATG TG TTTCG GAAAGCTAC AC CC TACACG TTTC CAGGAGGC ACAGGGCAGATTATCAATAAAAATA 1700 
332 T L E I V T C S H V G H V F R K A T P Y T F P G G T G Q I I N K N 365 

1701 ACAGACGACTT(SZTGAAGTGTC-G ATGGATGAATTCAAGAC TTTC TTCTATATAATTTC TC CAG G TGTTACAAAGG TAGAC TATGGAGATATATCATCAAG 1800 
366 N R R L A E V W M D E F K O F F Y I I S P G V T K V D Y G D I S S R 399 

1801 ACTTC-GTCTGAGACACAAACTTCAATGCAGACCTTTC TCTTGGTACCTAGAGAATATTTATCC CGATTC TCAGATTCCACGTCATTATTCCTCCTTGGGA 1900 
399 L G L R H K L Q C R P F S W Y L E N I Y P D S Q I P R H Y Q S L G 452 

1901 GAG ATACGAAATG TC~CAAATC AG TGTCTAGATAAC ATGGC TAGAAAAG AGAATGAA~2JkG TTGGG AT TT~fAAC T G TCACGGTATGGGAGGTAATC 2000 
432 E I R N V E T N Q C L D N M A R K E N E K V G I F N C H G M G G N 465 

2001 ~GGTATTC~ATACACTC, CCAACI~AGA~TTAGAACAGATG ACCTTTGCCTGGATGTCTCCAAACTTAATGGCCC/kGTCACAA~CTCAAA~CC~CA 2100 
466 Q V F S Y T A N K E I R T D D L C L D V S K L N G P V T M L K C H H 499 

2101 CCTAAAAGGCAACCAACTTT~GAG TATG ACCCAGTGAAG TTAACCCTGCAG CATG TGAAC AG TAATC AG TGCCTGGACAAAGC CACAGAAGAGGATAGC 2200 
499 L K G N Q L W E Y D P V K L T L Q H V N S N Q C L D K A T O E D S 532 

2201 CAGGTC~CCAGCATTAGAG AC TGCAG TGGAAGCCGG TCCCAGCAG TGGC T~fC TTCGAAAC G TCACCC TTCC AGAAATATT CTGAGACCAAATTTAC~ 2300 
532 Q V P S I R D C S G S R S Q Q W L L R N V T L P E I F * 560 

2301 AAAAAAGAAGA,~.~ATT~ ATTGAC TGGGC TACC TC AGCATACATT~ TGC CACATTCT T AAATAGC AAAAAAGGAAAG TAC TTTCCTCC TGCAGGATGA 2400 

2401 AGGYq'TATCAGCCATTAA~ACTTAGACTGCTC TCGC TTTCAC TCGC TG TGkAC CAGCCTGCCTG TCCAAGGACGTGGAACTACACAGTAGCGAGAC~CA 2500 

2501 CACCGA~ACAAGATTGAAAATG TC TTYCATCAAG AATC ATTG CAAAG AATACACAG ACAG TGA~ACAAC CTACG A AACG~TTTCCGGAGAGCCA 2600 

2601 CACCTTTTATC~ TTGCACATC AG TACTTTCTGCTGATTGTGCTGGCGTAATG AAG AGACG TCCAAGG TGTTTTTTTTCTGATTAGAACTGGTAGC 2700 

2701 CAGTATATTAAATATTGA~AAAAAGAAC TGGAAC CAGAT~I~ AG AATCATG AAAACATTT TTACAACAATTTAAAAAAC TATATTAAACAG 2800 

2801 G 2801 

Figure 2. Nucleotide sequence and deduced amino acid sequence of O-OalNAc transferase cDNA from porcine lung. The deduced 
amino acid sequence of O-GalNAc transferase is given below its nucleotide sequence. The putative signal-anchor domain is 
underlined. The closed circles under amino acid residues indicate potential N-glycosylation sites (Asn-X-Ser/Yhr). Circled amino 
acid residues represent non conserved residues, when compared with the bovine sequence. The putative polyadenylation signal 
AATAAA is boxed. 
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Figure 3. O-GalNAc transferase assay of COS-7 cells transi- 
ently expressing O-GalNAc transferase cDNA from porcine 
lung or bovine small intestine. Cell lysates were assayed as 
described in Materials and methods. 
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