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A UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase (polypeptide GalNAc transferase) cDNA 
was amplified from rat sublingual, submandibular and parotid glands, brain, skeletal muscle, and liver, using 
the polymerase chain reaction (PCR) and sequences derived from bovine polypeptide GalNAc transferase- 
Type 1 (potypeptide GalNAc transferase-Tl). The transcripts encoding the rat sublingual gland and bovine 
enzymes were 91% identical in nucleotide sequence, except in their 5' and 3' untranslated regions. The 
enzymes encoded by the rat and bovine cDNAs were 559 amino acids in length and were virtually" identical 
(98% amino acid sequence identity and 99.5% homologous overall). Northern blot analysis indicates that the 
potypeptide GalNAc transferase-T1 transcripts are expressed in many tissues but at widely differing levels. 
Although the amino acid sequence of polypeptide GalNAc transferase-T1 is conserved among mammals, the 
pattern of tissue expression varies between rats and humans. For example, the steady-state level of 
polypeptide GalNAc transferase-T1 transcript is quite low in lung relative to other rat tissues, whereas high 
expression of this transcript is detected in human lung. Therefore, we surmise that isoforms of polypeptide 
GalNAc transferase must exist and that isoforms are expressed in a tissue-dependent fashion. Searches of the 
GenBank database have revealed homologous sequences for several isoforms derived from several human 
tissues. In addition, hypothetical proteins from C. elegans also display strong homology; evidence suggests six 
ancestral isoforms of polypeptide GalNAc transferases may exist in C. elegans. 
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Introduction 

Biosynthesis of mucin-type O-linked glycans involves 
the step-wise transfer of monosaccharides to selected 
hydroxyamino acids of the polypeptide backbone. This 
process is initiated by action of a UDP-GalNAc:polypep- 
tide N-acetylgalactosaminyltransferase (polypeptide Gal- 
NAc transferase) which catalyses the transfer of 
N-acetylgalactosamine (GalNAc) to hydroxyl groups of 
threonine and serine residues [1, 2]. Sites of O-glycosyla- 
tion are rich in proline, serine, threonine, alanine, and 
glycine, and low in charged residues at specific positions 
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relative to the glycosylated amino acid [3, 4]; however, 
no obvious consensus sequence has been derived from 
database analyses [5]. In addition, sites of O-glycosyla- 
tion frequently exist as clustered arrangements of 
hydroxyamino acids, which are selectively and not fully 
glycosylated. The molecular basis for glycosylation site 
selection and heterogeneity occupancy is not clearly 
understood. In vitro glycosylation studies using purified 
enzymes from bovine colostrum or porcine submaxillary 
gland or from a single recombinant clone of the polypep- 
tide GalNAc transferase demonstrated that a single 
isozyme can act on a diverse set of peptide acceptor 
sequences, yet the glycosylation rates of some peptides, 
particularly those containing serine, are low [1, 6-8]. It is 
therefore possible that more than one polypeptide Gal.- 
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NAc transferase may be involved in the O-glycosylation 
apparatus, and they may be differentially expressed in a 
given cell- or tissue-type. 

The cDNA for a polypeptide GalNAc transferase has 
been isolated from bovine placenta [1] and intestine [9] 
and has been shown to hybridize to transcripts prepared 
from human heart, brain, placenta, lung, liver, skeletal 
muscle and pancreas, but not from kidney. The absence 
of message in the human kidney suggested that O-glyco- 
sylation must involve different polypeptide GalNAc 
transferase isoforms. 

To advance our studies of mucin biosynthesis in rat 
model systems, we have cloned a rat polypeptide 
GalNAc transferase and compared it to other mamma- 
lian polypeptide GalNAc transferases and expressed 
sequence tags (EST) from human and C. elegans cDNA 
entries in the GenBank database. We designate this rat 
isoform as a polypeptide GalNAc transferase-Type 1 
(polypeptide GalNAc transferase-T1) because it is essen- 
tially identical to the first polypeptide GalNAc trans- 
ferase that was cloned [1, 9]. As an initial step towards 
understanding the mechanisms which control expression 
of the polypeptide GalNAc transferase-T1 gene, the 
tissue distributions of the rat and human enzymes have 
been compared. In addition, we have obtained evidence 
which suggests that the polypeptide GalNAc transferase 
is an ancient enzyme with several distinct, albeit homo- 
logous, forms detected in the C. elegans GenBank 
database. 

Material and methods 

Isolation of  genomic sequences encoding the rat 
polypeptide GalNAc transferase 

To obtain sequences encoding the amino and carboxyl 
terminus of the rat gene product, two million lambda 
Dash II phage from a Sprague-Dawley male rat genomic 
library were screened with either a full-length, 5' partial, 
or 3' partial cDNA probe encoding the secreted bovine 
polypeptide GalNAc transferase [1]. Positive clones for 
the genomic sequences encoding the ends of the gene 
product were either subcloned into pBSIISK+ or were 
digested with Sau3A and subcloned into M13SK (Strata- 
gene). Each subclone obtained in this manner was 
sequenced on both strands using multiple M13 subclones. 
M13SK subclones hybridizing to cDNA probes were 
sequenced using Ladderman Dideoxy Sequencing Core 
Reagents (PanVera), an infrared fluorescent (IRD40)- 
labelled primer, and a Model 4000L LiCor Automated 
DNA Sequencer. 

Reverse transcription-polymerase chain reaction 
(RT-PCR) 

cDNA was synthesized using oligo dT18, a First Strand 
cDNA Synthesis Kit (Clonetech) and poly A +  mRNA 
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from rat (Male, Sprague-Dawley) parotid, submandi- 
bular and sublingual glands, brain, liver, and skeletal 
muscle. To amplify the rat polypeptide GalNAc trans- 
ferase cDNA sequence, the primers described in Fig. 1 
were designed from genomic sequence data and used at 
1/~M final concentration and amplified for 40 cycles at 
94 °C for 30 s, 55 °C for 30 s and 72 °C for 2 min. PCR 
products were either sequenced directly using a Seque- 
nase PCR Product Sequencing Kit (United States Bio- 
chemical) or were cloned in a TA Cloning Vector pCRII 
(Invitrogen) and later subcloned into M13SK prior to 
DNA sequencing. 

Northern blot analysis 

A multiple tissue Northern blot (Clonetech) was pre- 
hybridized in 50% formamide, 5x SSPE, 7.2x Den- 
hardt's solution, 2% SDS, 100 #gm1-1 denatured salmon 
sperm DNA at 42 °C and hybridized in the presence of a 
216 bp probe encompassing sequences 245-461 nt (Fig. 
1). Blots were washed first in 2× SSC, 0.05% SDS at 
room temperature and then in 0.1× SSC, 0.1% SDS at 
50 °C. 

Preparation of  tissues extracts, enzyme, and protein assays 

Triton X-100 extracts of Wistar male rat tissues were 
used as a source of enzyme and prepared in the following 
manner: 30 mg tissue was homogenized for 2 min in a 
Mini-Beadbeater-8 Cell Disrupter (Biospec Products) 
using 1 ml of 1 mm glass beads and 1 ml homogenization 
medium (500 mM sucrose, 2 mM tris maleate, pH 6.4, 
1 mM MnC12 and MgC12, 1% Dextran (250 000 MW), and 
5 mM fl-mercaptoethanol). This homogenate was diluted 
to 5.2 ml with H20 and centrifuged for 1 h at 46100 rpm 
in a SW 50.1 rotor. The pellet was resuspended in 300/zl 
extraction buffer (2.5% Triton X-100, 50 mM cacodylic 
acid, pH 6.6, 50 mM/3-mercaptoethanol) for 1 h, pelleted 
at 14000 x g for 15 min and then re-extracted in 150/zl 
of buffer. The supernatants were combined, aliquoted 
and frozen. Polypeptide GalNAc transferase enzyme 
assays were performed using 10-20 #1 of extract and the 
following components in a final volume of 50/~1:10 mM 
AMP to inhibit phosphatases, 50/~M UDP-[C14]-GalNAc 
(50000cpm); 200/ZM EA2 peptide substrate [Pro- 
Thr-Thr-Asp-Ser-Thr-Thr-Pro-Ala-Pro-Thr-Thr-Lys], 1% 
Triton X-100, 40mM cacodylic acid, pH 6.6, 10mM 
MnC12. Reaction products were purified by ion exchange 
chromatography using Dowex l -x8  resin (BioRad). 
Phosphatase assays were performed as above; however, 
the peptide substrate (EA2) was omitted from the 
reaction. A modified Lowry protocol was used for 
protein determination. 

GenBank sequence data 

Bovine sequences were obtained from GenBank, acces- 
sion numbers L17437, L16925 and L07780. The amino 
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RGNTII600-S mb- 
GATATGACTGTGATTTCTGATGAAACCAGATTGGAATAATTTTCATSATATTTGTATATTTATATATA 72 

Rat-IS 
TATATTTTAAAATTTTACATTTGACTTAAAGTGCC ATG AGA AAA TTT GCA TAT TGC AAG GTG GTT CTA 140 

M R K F A Y C K V V L ii 

GCC ACC TCC TTG GTT TGG GTA CTC TTG GAT ATG TTC CTG CTG CTT TAC TTC AGT GAA TGC 200 
A T S L V W V L L D M F L L L Y F S E C 31 

~ C AAA TGT GAA GAG AAG AAG GAG CGAAGGG'CTT CCT GCT GGG GAT GTT CTA GAG CTG GTG 260 
K C E E K K E R~G L P A G D V L E L V 51 

! 
CAG AAG CCT CAC GAA GGT CCT GGA GAA ATG GGA AAA CCA GTC GTC ATT CCT AAA GAG GAT 320 
Q K P H E G P G E M G K P V V I P K E D 71 

RPGNT-2S 
CAG GAA AAG ATG AAA GAG ATG TTC AAA ATC AAC CAG TTC AAC CTA ATG GCG AGT GAG ATG 380 
Q E K M K E M F K I N Q F N L M A S E M 91 

ATT GCA TTC AAC AGA TCC TTA CCA GAC GTG AGG CTA GAG GGG TGT AAA ACA AAA GTG TAC 440 
I A F [] R S L P D V R L E G C K T K V Y iii 

CCA GAT AGC CTT CCT ACG ACA AGC GTG GTG ATT GTC TTT CAC AAT GAG GCG TGG AGC ACC 500 
P D S L P T T S V V I V F H N E A W S T 131 

CTC CTG CGA ACA GTC CAC AGT GTC ATT AAC CGC TCA CCA AGA CAC ATG ATA GAA GAG ATT 560 
L L R T V H S V I [] R S P R H M I E E I 151 

GTT CTT GTA GAC GAT GCC AGC GAA AGA GAC TTT TTG AAA AGA CCT CTA GAG AGT TAT GTG 620 
V L V D D A S E R D F L K R P L E S Y V 171 

AAA AAG CTT AAA GTG CCA GTT CAT GTA ATT CGA ATG GAA CAA CGT TCT GGG TTG ATC AGA 680 
K K L K V P V H V I R M E Q R S G L I R 191 

RGNT719-AS 
GCT AGA TTA AAA GGA GCT GCT GTG TCC AAA GGC CAA GTG ATC ACC TTC TTA GAT GCT CAC 740 
A R L K G A A V S K G Q V I T F L D A H 211 

TGC GAG TGC ACA GTA GGG TGG CTG GAG CCT CTG TTA GCC CGG ATC AAA CAT GAC AGG AGG 800 
C E C T V G W L Z ? L L A R I K H D R R 231 

ACA GTG GTG TGT CCT ATC ATC GAT GTG ATC AGT GAT GAC ACT TTT GAG TAC ATG GCG GGC 860 
T V V C P I I D V I S D D T F E Y M A G 251 

TCT GAT ATG ACC TAT GGT GGA TTC AAC TGG AAG CTC AAT TTC CGT TGG TAT CCT GTT CCC 920 
S D M T Y G G F N W K L N F R W Y P V P 271 

CAA CGA GAA ATG GAC AGA AGG A~ GGT GAC CGG ACT CTT CCT GTC AGA ACA CCT ACA ATG 980 
Q R E M D R R K G D R T L P V R T P T M 291 

GCT SGA GGC CTG TTT TCA ATA GAC AGA GAT TAC TTT CAG GAA ATT GGA ACA TAT GAT GCT 1040 
A G G L F S I D R D Y F Q E I G T Y D A 311 

GGA ATG GAT ATT TGG GGA GGA GAA AAC CTA GAA ATT TCC TTT AGG ATT TGG CAG TGT GGA ii00 
G M D I W G G E N L E I S F R I W Q C G 331 

GGG ACT CTG GAA ATA GTG ACG TGC TCC CAC GTT GGC CAT GTG TTT CGG AAA GCT ACG CCG 1160 
G T L E I V T C S H V G H V F R K A T P 351 

TAC ACG TTC CCG GGT GGC ACG GGG CAG ATC ATC AAC AAG AAT AAC AGA CGG CTC GCG GAG 1220 
Y T F P G G T G Q I I N K N N R R L A E 371 

GTG TGG ATG GAT GAA TTC AAG AAT TTC TTC TAC ATA ATT TCT CCA GGT GTT ACA AAG GTA 1286 
V W M D E F K N F F Y I I S P G V T K V 391 

GAT TAT GGT GAT ATA TCA TCA AGA GTC GGT CTG AGA CAT AAA CTA CAG TGC AAG CCT TTC ]340 
D Y G D I S S R V G L R H K L Q C K P F 411 

TCT TGG TAC CTA GAA AAT ATT TAT CCC GAT TCT CAA ATT CCT CGT CAC TAT TTC TCA TTG 1400 
S W Y L E N I Y P D S Q I P R H Y F S L 43] 

GGA GAG ATA CGA AAT GTG GAA ACA AAT CAA TGT CTA GAT AAC ATG GCT AGA AAA GAG AAT 1460 
G E I R N V E T N Q C L D N M A R K E N 451 

GAA AAG GTT GGA ATT TTT AAT TGT CAT GGT ATG GGA GGC AAT CAG GTT TTC TCT TAC ACT 1520 
E K V G I F N C H G M G G N Q V F S Y T 471 

GCC AAC AAA GAA ATT AGA ACA GAT GAC CTT TGT TTG GAC GTT TCC AAA CTT AAT GGC CCA 1580 
A N K E I R T D D L C L D V S K L N G P 491 

GTT ACC ATG CTC AAA TGC CAC CAC CTA AAA GGC AAC CAG CTC TGG GAG TAT GAC CCA GTG 1640 
V T M L K C H H L K G N Q L W E Y D P V 511 

AAA TTA ACC CTG CAG CAT GTG AAC AGT AAC CAG TGC CTG GAT AAA GCC ACA GAA GAG GAC 1700 
K L T L Q H V N 8 N Q C L D K A T E E D 531 

AGC CAG GTG CCC AGC ATC AGA GAC TGC ACT GGA AGC CGG TCC CAG CAG TGG CTT CTT CGA 1760 
8 Q V P S I R D C T G S R S Q Q W L L R 551 

R-GNT3'-IAS 
AAT GTC ACC CTT CCA GAA ATA TTC TGA GACCAAATTACAACAAAGAAAGGATTGACTGGGCTACCTCAGC 1830 
] V T L P E I F * 559 

Figure 1. Nucleotide and amino acid sequence of a rat polypeptide GalNAc transferase-T1 cDNA.  The c D N A  sequence was 
obtained by amplifying sublingual gland c D N A  in three overlapping segments, using the following primer pairs: (1) RGNT 1600-S 
and RGNT719-AS; (2) Rat-IS and RGNT719-AS; and (3) RPGNT-2S and R-GNTY-IAS.  Primer sequences used are indicated by 
horizontal arrows. The vertical arrow refers to the peptide cleavage site that generates a secreted catalytically active form of the 
enzyme. This cleavage site is inferred from bovine polypeptide GalNAc transferase-T1 cleavage data [1, 9]. Amino acids are 
indicated by single-letter notation. Putative N-glycosylation sites are boxed. 
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acid sequence for the full-length C. elegans cDNA 
(accession numbers L16621 and L18807) was concep- 
tually translated and assembled using the GENE- 
FINDER computer program [10]. A partial human 
polypeptide GatNAc transferase-T1 expressed sequence 
tag was derived from an infant brain (T08891), white 
blood cell (T34584), gall bladder (T32595), CD34+ 
cDNA (T25717), and an unannotated cDNA (Fl1419). 

Results 

Rat polypeptide GaINAc transferase cDNA 

A rat cDNA containing the full coding region was 
amplified in three overlapping parts from parotid gland, 
brain, liver, skeletal muscle, submandibular gland, and 
sublingual gland cDNA. Identical size products were 
obtained from these tissues (data not shown) and the 
sublingual PCR products were cloned and sequenced 
(Fig. 1). Primer extension analysis revealed that the 5' 
UTR is 295 nt (data not shown), indicating that this is a 
partial clone. The nucleic acid sequence displayed an 
overall 91% identity with cDNAs from the bovine 
placenta and intestinal polypeptide GalNAc transferase, 
except in their 5' and 3' untranslated region (UTR). The 
5' UTR obtained consists of 105 nt and contains two 
AUG codons followed by a total of seven termination 
codons, such that at least two stop codons exist in each 
reading frame. An in-frame termination codon UAA 
precedes the translation initiation site: 5'[UAAAGUGC- 
CAUGA]3', which is homologous to most of but not the 
complete Kozak consensus sequence: [ -5]CCRCC- 
AUGG[+4] [11]. The cytosines at - 5  and - 4  in the 
consensus sequence are not present in the rat GalNAc 
transferase translation initiation site, as is frequently 
observed in Kozak database when a purine is present at 
- 3 .  The +4 position shows an adenine and not a 
guanine, which is only present in 40% of Kozak initiator 
codons. Conceptual translation of the rat cDNA revealed 
a 559 amino acid open reading frame, encoding a type 2 
membrane protein. A potential transmembrane anchor is 
positioned nine amino acids from the N-terminus and is 
encoded by a run of 20 hydrophobic amino acids. A 
peptide cleavage site follows the transmembrane domain 
and is identical in amino acid sequence to the bovine 
cleavage site (Fig. 1) and thus must be responsible for 
producing the secreted form of the enzyme seen in rat 
tissue. The remaining 519 amino acids encode the 
functional catalytic domain of the enzyme. 

Rat tissue distribution of polypeptide GalNAc transferase 
Northern blot analysis indicated that multiple size tran- 
scripts were present in most tissues examined (Fig. 2). 
Two major transcripts were 4.65 kb and 4.16 kb in size 
and were present in most of the tissue tested, while a 
minor transcript of 3.52 kb was expressed predominantly 
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Figure 2. Northern blot analysis of rat poly A mRNA. A 
multiple tissue Northern blot for Clontech contained 2/~g of 
poly A + RNA from the following tissue sources in lanes 1-8: 
heart, brain, spleen, lung, liver, skeletal muscle, kidney and 
testis. Sequence from nucleotides 1649-1830 of the rat polypep- 
tide GalNAc transferase-T1 cDNA were P32-1abelled and used 
as a hybridization probe. 

in the liver, kidney and spleen. To ascertain if the 
different size transcripts represent alternative splice 
variants, the multiple tissue Northern blot was hybridized 
with sequences derived from either the 5' or 3' end of the 
gene product. Each probe displayed an identical pattern 
of expression as seen in Fig. 2. Reverse transcription- 
pobanerase chain reaction (RT-PCR) experiments using 
primers derived from both ends of the cDNA revealed 
only a single size PCR product (data not shown). 
Therefore the differences in the sizes of the three 
transcripts appear to reside in their 5' and/or 3' untrans- 
lated (UTR) sequences. Paradoxically, the lung, which 
produces mucins, had barely detectable levels of tran- 
script. We therefore assayed a panel of six tissues for 
polypeptide GalNAc transferase activity (Table 1). It is 
clear that the steady-state level of transcript does not 
correlate well with the total transferase activity of the 
tissue extracts. 

Homology to mammalian expressed sequence tags 
This rat polypeptide GalNAc transferase is virtually 
identical to the bovine placental and intestinal polypep- 
tide GalNAc transferase enzyme (Fig. 3). All but two 
amino acid positions were homologous. Of ten positions 
that were not identical, eight were homologous. Over the 
entire protein, the rat and bovine amino acid sequences 
are 98% identical and 99.5% homologous. Therefore, we 
designate this form of transferase as a polypeptide 
GalNAc transferase-T1. 
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Tissue Total activity ~ Specific activity Northern T-1 data ~ Normalized Normalized northern peak 
(pmol h-O (pmol h -~ mg-O (Peak value) total activity c (%) pixel value ~ (%) 

Kidney 6390 4581 7604 225 122 
Spleen 4841 6147 4548 170 73 
Liver 2696 3112 12272 95 197 
Lung 1589 2692 1124 56 18 
Testis 895 1658 3274 31 52 
Brain 641 955 8634 23 138 
Average 2842 3191 6243 100 100 

aIn an extract from 30 mg of tissue. 
bpixel value of major band in Northern blot (Fig. 2) was measured using a Molecular Dynamics Phosphoimager. 
CThe enzyme activity or Northern blot hybridization signals were displayed as a percentage of the average for these six tissues. 
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Figure 3. Amino acid homology of polypeptide GalNAc transferases. Predicted amino acid sequences were compiled from the 
GenBank database entries as described in the Material and methods. Only partial sequence was available for the human transferase. 
The displayed human sequences are encoded by five expressed sequence tags: (GenBank ID, amino acid position) T34584, position 
227-323; T32595, position 233-324; T08891, position 254-364; Fl1419, position 405-522; T25717; position 488-559. Multiple 
sequence alignments were performed using the PileUp computer program in the GCG Sequence Analysis Software package. Gaps 
introduced to optimize alignments are indicated by periods. Identity with rat sequence is indicated in open boxes; similar residues 
are highlighted by shading and grouped as follows: [D, E]; [K, R]; [G, A]; [N, Q, S, T]; [A, L, I, V, M]; [W, Y, F]. The C. elegans 
protein is ZK688.8. Blank lines indicate that no sequence information is available. 
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A TBLASTN analysis [12] of the best expressed 
sequence tag and GenBank databases using the rat 
polypeptide GalNAc transferase-T1 amino acid sequence 
at high stringency identified more than five partial eDNA 
sequences from numerous tissues of human origin with 
up to 95% nucleic acid identity with the rat eDNA. 
Comparison of these partial amino acid sequences indi- 
cated that at least 293 amino acids of the human 
polypeptide GalNAc transferase-T1 enzyme are 98% 
identical with rat and bovine polypeptide GalNAc trans- 
ferase-T1 enzyme (Fig. 3). 

Homology to a C. elegans hypothetical protein 
The rat polypeptide GalNAc transferase-T1 sequence 
displays low homology with numerous eDNA entries in 
the GenBank database. While most cDNAs displayed 
short (<20 amino acids) segments of modest homology 
(<70%), one of the entries with highest homology was a 
hypothetical 67.9 kDa protein (accession number Y028- 
CAEEL), which was compiled by the GENEFINDER 
Program using genomic sequence obtained from the C. 
elegans Genome Sequencing project [10]. Sequence 
alignments between this C. elegans protein (named 
ZK688.8) and mammalian proteins revealed numerous 
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short (<10 amino acid) repeats with 100% identity and a 
central 400 aa region with an overall 78% homology (Fig. 
4C). The hydrophobic membrane anchor/Golgi retention 
signal, however, is present and conserved in the N- 
terminus as a 22 amino acid segment with 50% identity 
and 91% homology between rat and nematodes (Fig. 3 
top line). Hydropathy analysis illustrates the difference in 
placement of the membrane anchor relative to the 
catalytic domain (Fig. 4A and B). The spacing between 
most of the identical segments (especially between amino 
acid positions 109 and 496) is conserved between the 
nematode entry and mammalian polypeptide GalNAc 
transferase-T1 enzyme, except with the relative position 
of the N-terminal membrane anchor. The membrane 
anchor is 47 amino acids further from the conserved 
domain in C. elegans than in the mammalian GalNAc-T1 
enzyme. This spacing difference accounts for most of the 
53 amino acid size difference between the 612 amino acid 
C. elegans protein and 559 amino acid mammalian 
enzyme. The last 75 aa on the C-terminus of the C. 
elegans homologue are not conserved. Both enzymes 
possess three putative N-glycosylation sites (NXT or 
NXS), the two putative sites closest to the N-terminal 
membrane anchor are highly conserved in position and 
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Figure 4. Comparisons of a rat polypeptide GalNAc transferase and C. elegans homologue. Kyte-Doolittle hydrophilicity analysis 
(A) rat polypepfide GalNAc transferase-T1 and (B) the C. elegans protein ZK688.8. (C) Pastell-DNA matrix comparisons. 
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sequence, while the position and sequence of the third 
sites are clearly different. Interestingly, Triton X-100 
extracts of C. elegans contain polypeptide GalNAc 
transferase enzyme activity (data not shown). 

A family of potential polypeptide GalNAc transferase 
homologues in C. elegans and humans 

Discussion 
Additional clones from the expressed sequence tag (EST) 
database dbest and GenBank were identified using low 
stringency search criteria (Fig. 5). A comparison of a 
mammalian polypeptide GalNAc transferase-T1 enzyme 
with five putative C. elegans homologues is limited by the 
available sequence data for each EST but does suggest 
that these could represent at least five distinct enzyme 
isoforms. Further sequencing of two of these C. elegans 
clones revealed a range of 47 to 68% identity and 66 to 
85% homologies with the mammalian ppGalNAc-T1 
enzyme, numerous invariant amino acid residues, and 
highly conserved spacing between invariant amino acid 
positions and in the position of the termination codon 
(data not shown). In addition to the C. elegans clones, 
three human expressed sequence tags were identified 
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using an initial screen parameter of greater than 65% 
homology over a window of 21 or more amino acids. One 
of these has been subcloned, further sequenced and 
shown to contain many of the same invariant amino acids 
as found in the C. elegans clones (data not shown). 

The rat genome encodes a polypeptide GalNAc trans- 
ferase that is 98% identical to both the full-length bovine 
GalNAc polypeptide transferase-T1 enzyme and to the 
partial human sequence that is available in the GenBank 
database. This isozyme is expressed widely in the tissues 
examined in this study and thus suggests that this isoform 
may contribute to the biosynthesis of a large number of 
O-linked glycoproteins across numerous organ systems. 
However, the finding that polypeptide transferase activ- 
ity does not correlate with steady-state levels of T1 
transcript argues that different isoforms of the enzyme 
may also contribute. Amino acid sequence comparisons 
of mucin-like proteins have revealed strong distinctions 
in the potential O-glycosylation sites expressed in the 

CLONE ID HOMOLOGY 

I.CE: D34980 83% 

Rat position 168 

SEQUENCE 

VY HNEAYSTLLRTVWSV I DRS P KELLKE I ILVDDFSD REFLRYPXDTTLKP LPT D I KI I RS KE RV.. 

V+HNEA+STLLRTV SVI+RSP+ +++EI+LVDD S+R+FL+ P ++ ++ L + +IR ++R 
VFHNEAWSTLLRTVHSVI NRS PRHMI EE IVLVDDASERDFLKRPLESYVEKLKVPVHVIRMEQRS.. 

2.CE: D27787 

Rat position 285 

82% PFRSPTHAGGLFAINRLWFKELGYYDEGLQIWGGEQYELSFKIWQCGGGIVFVPCSHVGHVYQKS 

P R+PT AGGLF+I+R +F+E+G YD G+ IWGGE E+SF+IWQCGG + V CSHVGHV++K+ 
PVRTPTMAGGLFSIDRDYFQEIGTYDAGMDIWGGENLEISFRIWQCGGTLEIVTCSHVGHVFRKA 

3.CE: D36186 

Rat position 219 

72% LEPLLARITENXF~/VAPIIDVIN~DNFNYVGASXDLRGGFDWTLVFRWEFMNEQLRKERHAHPT.. 

LEPLLARI + + VV PIIDVI+ D F Y+ S GGF+W L FRW + ++ R T 
LEPLLARIKHDRRT~VCPIIDVISDDTFEYMAGSDMTYGGFNWKLNFRWYPVPQRLMDRRKGDRT.. 

4.CE: Z14442 

Rat position 70 

72% MISVHRTLPTNIXAECKTEKYNXNLPRTXVIICXHNEAWSVLLRTVHSVLERTPXHLLEEXVLg~.. 

MI+ +R+LP CKT+ Y +LP T V+I HNEAWS LLRTVHSV+ R+P H++EE VLV 
MIAFNRSLPDVRLEGCKTKVYPDSLPTTSVVIVFHNEAWSTLLRTVHSVINRSPR}{MIEEIVLVD.. 

5.CE: M89126 

Rat position 189 

Human EST: 

65% LIRAKLAGAREAVGDIIVFLDSHCEANHGWLEPIVQRISDERTAIVCPMIDSISDNTLAYHGDWS.- 
LIRA+L GA + G +I FLD+HCE GWLEP++ RI +R +VCP+ID ISD+T Y 
LIRARLKGAAVSKGQVITFLDAHCECTVGWLEPLLARIKHDRRTVVCPIIDVISDDTFEYMAGSD.. 

6.Hu: TI1328 

Rat position 257 

68% GNFDWSLSFGWESLPDHEKQRRKXDETYPEGAPTFAGGLFSISXXYFEYIGSYDEEMEIWGG 
G F+W L+F W +P E +R+ D T P PT AGGLFSI YF+ IG+YD M+IWGG 
GGFNWKLNFRWYPVPQREMDRRKGDRTLPVRTPTMAGGLFSIDRDYFQEIGTYDAGMDIWGG 

7.Hu: R01653 

Rat position 398 

79% SRLDLR~LRCQSFKWYLENIYPE 

SR+ LR L+C+ F WYLENIYP+ 
SRVGLRHKLQCKPFSWYLENIYPD 

8.Hu: R01477 

Rat position 449 

71% KR.MKKLGIFNCHGYGGVIRFS 
K +K+GIFNCHG GG FS 
KENEKVGIFNCHGMGGNQVFS 

Figure 5. A family of potential C. elegans and human homologues of the polypeptide GalNAc transferase. Alignments were 
detected using TBLASTN. Database entries with 21 or more amino acids ha~ing greater than 65% homology are listed. The 
displayed sequence is truncated at 66 amino acids. The homology is calculated from the whole entry. The first amino acid of each 
EST aligns with the rat polypeptide GalNAc transferase-T1 at the position indicated in the left column. 
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human and rat airways [13-17] and thus may require 
different or more than one polypeptide GalNAc trans- 
ferase isoform. The human MUC4, MUC5, MUC8 and 
AMN-22 apomucin are rich in threonine, proline, and 
serine, whereas one of the rat tracheal epithelial mucin- 
like proteins is rich in threonine but essentially lacks 
serine and proline. In general, repeated peptide sequence 
motifs in mucins are generally not conserved among 
mammals even in the same tissue types [18], and 
therefore the isozyme(s) responsible for glycosylating 
O-glycoproteins for a given tissue may differ among 
mammals. Coordinate transferase expression may be 
crucial, since some mucins are expressed in more than 
one organ system [19]. Questions regarding the substrate 
specificity of each isozyme and number of different 
isoforms expressed in each cell or tissue type will remain 
unanswered until functionally expressed cDNAs become 
available for individual polypeptide GalNAc transferase 
family members. The mechanisms which underlie the 
different levels of polypeptide GalNAc transferase-T1 
transcript among the tissues surveyed must also be 
examined; this could include regulation at both the 
transcriptional and translational level. 

Preliminary evidence for newly discovered members of 
the polypeptide GalNAc transferase family has been 
reported [20]; distinct polypeptide GalNAc transferase 
activities were detected in different tissues. GenBank 
database searches reveal many mammalian expressed 
sequence tags with up to 76% homology with the rat 
polypeptide GalNAc transferase-T1 enzyme presented in 
this study. The sequence variation of the GalNAc 
transferase isoforms in mammals may indeed be up to 
50%, as the mammalian polypeptide GalNAc trans- 
ferase-T1 and the evolutionary distant C. elegans Gal- 
NAc transferase homologues ZK688.8 share only 52% 
identity across the whole amino acid sequence. 

GalNAc O-linked to a peptide core exists in organisms 
from distant phyla, including fungi [21], nematodes [22], 
amphibians [23] and mammals. The observation of poly- 
peptide GalNAc transferase homologues in C. elegans is 
consistent with the observation that C. elegans detergent 
extracts contain the appropriate enzyme activity and is 
consistent with a recent report by Gems and Maizel [24] 
that one predominant class of transcripts encodes mucin- 
type glycoproteins, the peptide substrate of the enzyme. 
The function of mucins and O-linked oligosaccharides in 
nematodes is thought to be similar to that in mammals: 
to protect the organism from desiccation and to provide a 
protective mucin blanket lining epithelial surfaces in 
ducts and tracts - like the oral cavity, gastrointestinal 
tract, reproductive tract and excretory canal. In addition, 
the lubricating properties of O-linked mucin glycopro- 
teins may be important for locomotion of worms. O- 
linked oligosaccharides and glycoproteins are also ex- 
pressed on the cuticle (outer surface) of nematodes 
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during specific larval stages [22]. Ectopic expression or 
secretion of mucins may be involved in mucin- 
mediated immune evasion by some parasitic nematodes 
[24]. The C. elegans model system provides an opportun- 
ity to investigate the functional and developmental signif- 
icance of mucin-type O-linked glycans and to understand 
the significance of the redundancy in polypeptide Gal- 
NAc transferase family members. 
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