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ABSTRACT Galactosyltransferases constitute a family of
enzymes, each member of which transfers galactose from
UDPgalactose to a specific acceptor molecule, generating a
specific galactose-acceptor linkage. Two synthetic oligonucle-
otides, 27mer and 21mer, were synthesized, based on the amino
acid sequences of two peptides derived from bovine milk
N-acetylglucosaminide (,Bl-4)galactosyltransferase (EC
2.4.1.90), and used as hybridization probes to isolate cDNA
clones for galactosyltransferase from a bovine mammary gland
cDNA library. One of the plasmids, designated pLbGT-1,
contains an insert of about 3.7 kilobases that hybridizes to both
of the probes and encodes the amino acid sequences of five
peptides obtained from bovine milk (,Bl-4)galactosyltransfer-
ase. A second plasmid, designated pLbGT-2, contains an insert
of about 4.1 kilobases that hybridizes to only the 27mer and
that encodes a polypeptide containing the sequence of the
carboxyl-terminal 120 residues identical to the peptide encoded
by pLbGT-1; the rest of the protein sequence, however, does
not contain known sequences from bovine galactosyltransfer-
ase. The two cDNAs contain a 3'.untranslated region of about
2.7 kilobases that includes two copies of the Alu-equivalent
sequences. pLbGT-1 and pLbGT-2 hybridize to mRNAs of
various sizes obtained from the bovine and rat mammary gland
and the human mammary tumor cell line MCF-7, with the
longest mRNA from each species being around 4.5 kilobases.
The results show that pLbGT-1 is a cDNA clone for bovine
(,Bl-4)galactosyltransferase, and pLbGT-2 encodes a protein
that is structurally and may be functionally related to
transferases.

Glycosyltransferases are a family of enzymes that are in-
volved in the synthesis and extension of the oligosaccharide
chains of glycoproteins and glycolipids (for review, see refs.
1-3). A specific transferase is required for the synthesis of
each of the different disaccharide linkages that are known to
be present, so that the number of these transferases must be
large. Galactosyltransferases, a subgroup of the transferases,
have in common the ability to utilize UDPgalactose, but
differ in the specificity of the acceptor molecule or residue
and the type of linkage formed. The most common carbohy-
drate sequence, N-acetyllactosamine [Gal(P1-4)GlcNAc] or
its repeating unit, which is recognized as a developmentally
regulated antigenic determinant (for review, see ref. 4), is
formed by N-acetylglucosamine (/1-4)galactosyltransferase
(EC 2.4.1.90; catalytic component of lactose synthase or
UDPgalactose:D-glucose 4-p-D-galactosyltransferase; EC
2.4.1.22). This enzyme transfers galactose from UDPgalac-
tose to N-acetylglucosamine, generating a Pl-,4 glycosidic
linkage. When a-lactalbumin [a protein homologous to the
type C lysozymes but with no enzymatic activity of its own
(5, 6)] interacts with the galactosyltransferase, the monosac-
charide binding property of the enzyme is modified so that

glucose, normally a poor acceptor substrate, becomes a good
substrate while transfer to glycoproteins and oligosaccharide
substrates is inhibited (for review, see refs. 7 and 8). During
lactation the protein levels of (31-4)galactosyltransferase as
well as a-lactalbumin are elevated in the mammary gland.
Both proteins are found in milk from which they have been
purified and characterized (9-12).
Because of the importance of the transferases on whose

selective activities the identity of each type of cell and its
distinct interaction depend on, an understanding of their
nature at the structural and genetic level is of great interest.
We report here the molecular cloning of (Al-4)galactosyl-
transferase and show by the sequence analyses of the cDNA
clones that the region of its mRNA coding for the carboxyl-
terminal domain is identical with another cDNA clone that
may code for another transferase.

MATERIALS AND METHODS
Peptide Sequences from Bovine Galactosyltransferase. Bo-

vine milk galactosyltransferase obtained from Sigma was
further purified by gel filtration with Sephadex G-100 fol-
lowed by affinity chromatography with a-lactalbumin cou-
pled to Sepharose 4B (13). The gel filtration step was essential
for removing contaminating immunoglobulins (14). This
preparation of the enzyme was acetylated with [3H]acetic
anhydride, reduced, carboxymethylated, and subjected to
digestion with trypsin as described (15). Peptides were
initially subjected to group separation by gel filteration with
Sephadex G-50 and equilibrated with 0.1 M ammonium
bicarbonate; pools were further fractionated by reverse-
phase HPLC using an Aquapore RP-300 column and eluted
with linear gradient of 0-80% (vol/vol) acetonitrile contain-
ing 0.1% trifluoroacetic acid. Five peptides were subjected to
automatic sequence analysis with a Beckman 890c sequencer
fitted with a cold trap and microprocessor controller. Phen-
ylthiohydantoin amino acid derivatives were identified by
HPLC as described (15).

Construction of cDNA Library. Total RNA was prepared
from lactating bovine mammary gland by guanidinium
thiocyanate method (16). Poly(A)+ RNA was isolated by
adsorption to and elution from oligo(dT)-cellulose (17). A
cDNA library was constructed by the method of Okayama-
Berg, using 7 ,ug of poly(A)+ RNA and 1.5 ug of vector/
primer DNA (18). Transformation of Escherichia coli X 1776
with the vector-cDNA library gave 3 x 106 transformants
resistant to ampicillin. A total plasmid preparation made from
this library was used for transfection of E. coli MC1061, and
a second library of 5 x 105 transformants was prepared and
screened with oligonucleotide probes.

Oligonucleotide Probes. Two mixed oligonucleotide
probes, 21 and 27 bases in length, were synthesized on a Vega
Coder 300 by the phosphoramidite method (19), each con-
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taining the possible coding sequences for the two peptides of
bovine (/31-4)galactosyltransferase, and were generously pro-
vided by Ettore Appella. The 21mer was a 128-fold degen-
erate mixture of the sequence 3' TTDCTYATYCTYATYT-
TYACY 5', and the 27mer was a 2048-fold degenerate
mixture of the sequence 3' CTYTTDTTDTTYCTDG-
GNTTYGGNGTD 5', where D is T/C, Y is A/G, and N is
A/T/G/C. The oligonucleotide mixtures were purified by gel
electrophoresis on 20% polyacrylamide/8 M urea gels, and
subsequently labeled at the 5' end with [y-32P]ATP (5000
Ci/mmol; 1 Ci = 37 GBq) by using T4 polynucleotide kinase
(20).

Library Screening. Transformants (6 x 104) were screened
by the replica plating method of Hanahan and Meselson (21).
Hybridization with the 21mer and the 27mer was carried out
at 420C and 480C, respectively, in 6x NET [lx NET = 0.15
M NaCl, 0.015 M Tris HCl (pH 7.5), 0.005 M EDTA, 0.5%
Nonidet P-40] (22). Filters were washed at 460C and 520C, in
6x SSC, respectively. (lx SSC = 0.15 M NaCl, 0.015 M
sodium citrate, pH 7.0.)
DNA Sequence Analysis. Plasmid preparations, restriction

endonuclease digestions, and end-labeling of fragments were
carried out as described (20). Nucleotide sequence analysis
was carried out by the Maxam-Gilbert method (23) and by the
chain-termination method (24), using restriction fragments of
cDNAs subcloned in the phage M13 vectors, mpl8 and mpl9
(25).
Poly(A)+RNA Transfer Blot Analysis. Poly(A)+ RNA was

isolated from lactating mammary glands from cows, Sprague-
Dawley rats, BALB/c mice, and cultured MCF-7 cells.
Poly(A)+ RNA samples and marker DNA samples were
lyophilized and denatured by heating at 60°C for 10 min in
50% (vol/vol) formamide/6% (vol/vol) formaldehyde/20
mM Mops/5 mM NaOAc/1 mM EDTA and fractionated by
electrophoresis in 1% agarose/6% formaldehyde gels (20).
The fractionated RNA was transferred to nitrocellulose
papers and hybridized for 18 hr to nick-translated 32P-labeled
pLbGT-1 cDNA in 50% (vol/vol) formamide/6x SSC/1x
Denhardt's solution/1% NaDodSO4/sonicated-denatured
salmon sperm DNA (100 ,ug/ml) at 42°C for the bovine
sample and 39°C for the other RNA samples. Blots were
washed three times in 2x SSC for 20 min at room tempera-
ture. Bovine RNA blots were finally washed three times at
67°C in 0.1 x SSC for 15 min. Other RNA blots were washed
three times at 0.5x SSC for 15 min at 55C.
Hybrid Selection, Translation of mRNA, and Immuno-

precipitation. Hybrid selection of mRNA was carried out as
described (26). Poly(A)+ RNA, 100 ,g each from lactating
bovine mammary gland and MCF-7 cells, was hybridized
with pLbGT-1 DNA filters at 50°C, and 42°C for 8 hr,
respectively, in 300 ,ul of 65% (vol/vol) formamide/0.4 M
NaCl/0.2% NaDodSO4/30 mM Pipes, pH 8.5, containing 50
,g of tRNA. Filters were then washed as described (26),
except for the MCF-7 sample, which was washed at 55°C.
Hybridized RNA was eluted from the filters and translated
with micrococcal nuclease-treated rabbit reticulocyte lysate
[obtained from Promega Biotec (Madison, WI)] under con-
ditions suggested by the manufacturer, in the presence of
[35S]methionine and in a final volume of 50 ,u. Aliquots of the
resulting labeled products were immunoprecipitated (27) with
10 ,ul of an ascites fluid containing monoclonal antibody, 4C6,
6C2, and liD1, to human galactosyltransferase (28). Antigen/
antibody complex was bound to Pansorbin (Calbiochem)
pretreated with anti-mouse IgG, and the bound complex was
eluted as described (26). Proteins synthesized in vitro from
hybrid-selected mRNA and the immunoprecipitates were
analyzed by electrophoresis on NaDodSO4/8.5% polyacryl-
amide gels.

RESULTS

Peptide Sequences of Bovine ((81-4)Galactosyltransferase.
The purified bovine milk galactosyltransferase migrated on
NaDodSO4/polyacrylamide gels as a single protein species of
Mr 54,000. Since the amino-terminal sequence of bovine
galactosyltransferase was found to be heterogeneous, we
determined the partial sequences of some of the major
peptides obtained by tryptic cleavage of the N-acetylated
protein. These were the following: peptide 1, Lys-Asp-Tyr-
Asp-Tyr-Asn-Cys; peptide 2, Asp-Lys-Lys-Asn-Glu-Pro-
Asn-Pro-Gln; peptide 3, Gln-Gln-Leu-Asp-Tyr-Gly-Ile-Tyr;
peptide 4, Lys-Val-Ala-Ile-Ile; peptide 5, Met-Asp-Lys. Two
mixed oligonucleotide probes, 21 and 27 bases long, were
synthesized based on the sequences of peptides 1 and 2,
respectively.

Isolation and Characterization of cDNA Clones. About
60,000 transformants, derived from a cDNA library con-
structed from lactating bovine mammary gland poly(A)+
RNA in the Okayama-Berg vectors, were screened using
labeled mixed oligonucleotides, 21mer and 27mer, as hybrid-
ization probes. Twelve cDNA clones were identified that
sorted into the following three groups: four clones hybridized
to both the probes; one clone hybridized only to the 27mer;
and seven clones hybridized only to the 21mer probes. The
cDNA inserts of the plasmids from the clones of the first and
second group had no BamHI endonuclease restriction site.
Since the BamHI restriction sites flank the cDNA inserts in
the Okayama-Berg vectors, this restriction enzyme was used
to isolate the inserts. The sizes of the inserts from the first
group varied between 3.4 and 3.7 kilobases (kb), and their
restriction endonuclease maps were identical. The longest
plasmid was designated as pLbGT-1. The clone of the second
group, designated as pLbGT-2, contains a 4.1-kb insert and
has, for the most part, a restriction map very similar to that
of pLbGT-1, except at the 5' region (Fig. 1). The insert of
pLbGT-1 hybridized with the inserts of the plasmid DNAs
from the clones of the first and second groups, but not with
the inserts of the plasmid DNAs from the clones of third
group, with which only the 21mer hybridizes. Subsequent
DNA sequence analyses of some of the clones of the third
group at the site where the 21mer hybridized showed that
they contain one ofthe primer sequences present in the mixed
21mer but had entirely differentDNA sequences compared to
pLbGT-1 and pLbGT-2, which were analyzed further in
detail.
DNA Sequence Analysis. We confirmed the presence of

sequences corresponding to those of the oligonucleotide
probes, 21mer and 27mer, in pLbGT-1 by determining the
sequence of the relevant region of the cDNA insert. Fig. 2
shows 2 kb of DNA sequence from the 5' end of the 3.7-kb
insert of pLbGT-1. In one of the three possible reading
frames, the DNA sequence encodes a protein sequence of 328
residues that contains not only the amino acid sequences
corresponding to the 21mer and 27mer but also encodes those
of the other peptides obtained from bovine milk (,B1-
4)galactosyltransferase (Fig. 2). The codon specifying the
serine at position 328 is followed by the translation termina-
tion codon TAG (nucleotides 982-987 in Fig. 2). The encoded
protein sequence, which lacks the amino-terminal methio-
nine and, therefore, does not encode the complete sequence
of bovine (,B1-4)galactosyltransferase, contains two potential
N-glycosylation sites, '7Asn-Ser-Ser and 4Asn-Leu-Thr,
which follow the consensus sequence Asn-Xaa-Ser/Thr (29).
The cDNA has, however, an unusually long 3'-noncoding
sequence of about 2.7 kb. The DNA sequence after the
termination codon TAG, from nucleotide 988 to nucleotide
1452 (Fig. 2) (as well as in pLbGT-2), encodes in the same
open reading frame a protein of 155 residues. This DNA
sequence, and the sequence in the opposite orientation
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FIG. 1. Restriction endonuclease map of the cDNA inserts of pLbGT-1, pLbGT-2, and pLbGT-2/17. The thick line represents the region
common between the three inserts. Open boxes, regions corresponding to the amino acid sequences of the tryptic peptides of (/31-
4)galactosyltransferase; solid box, region where the 27mer hybridized. Arrows indicate the site of the translational termination codons. The
letters P, Ss, S, A, H, Ba, X, K, E, BgI, BgII, B represent Pst I, Sst I, Sma I, Ava II, HindIII, Bal I, Xho I, Kpn I, EcoRI, Bgi I, Bgi II, and
BamHI restriction sites, respectively.

between HindIII and Pst I restriction sites near the 3' end (not
shown), bear similarities to the Alu family sequences (30).
These sequences, which are about 340 nucleotides long, have
a stretch of poly(A) (A13 from nucleotide 1310 to 1324) and are
flanked by short partial repeats (Fig. 2). Computer-assisted
comparison of the DNA sequences with those of the Alu
family sequences further supported the conclusion that they
are Alu-equivalent sequences.
The DNA sequence encoding the peptide corresponding to

the 27mer is located just adjacent to the common Xho I site
in pLbGT-1 and pLbGT-2 (Fig. 2, nucleotides 826-852).
Comparison of the detailed restriction endonuclease maps of
pLbGT-1 and pLbGT-2 showed that a similar sequence of 3.1
kb is present in the two cDNAs, which includes 2.7 kb of the
3'-noncoding region and 360 bases of the coding sequence
that encodes the carboxyl-terminal 120 residues of the pro-
tein, including the peptide corresponding to 27mer (Fig. 1).
To ensure that the pLbGT-2 is not the only clone of this type,

we screened 300,000 additional clones from bovine cDNA
library of 5 x 10i transformants with the 5'-end probes of
pLbGT-1 and pLbGT-2. The ratio of the clones correspond-
ing to these two types remained 4:1 as was observed in the
initial screening of 60,000 clones from which pLbGT-1 and
pLbGT-2 were isolated. The additional clones of pLbGT-2
type differ in length at the 5' and 3' ends, but contain common
carboxyl-terminal coding and 3'-noncoding regions. The
longest of the type 2 clones, pLbGT-2/17, is shown in Fig. 2.
To determine the exact nucleotide sequence of the region

of the DNA where pLbGT-2 sequence diverges from pLbGT-
1, relevant fragments of pLbGT-2 near Xho I, Kpn I, and
EcoRJ sites were subcloned in mpl8 and mpl9, sequenced,
and compared with the DNA sequence of pLbGT-1. The
nucleotide sequence of pLbGT-2 was identical with the
sequence of pLbGT-1 from nucleotides 624 to 2000, but
distinct toward the 5' end; a comparison ofthe two sequences
at the point of divergence is shown in Fig. 3. The nucleotide

Sst 1 60 Sma I/Ava I
p LbGT-1 5' TCCGGGGAGCTCCGGCTGCGAGGGGTCGCACCGCCGCCGCCTTTGCAGAACTCTTCCAAGCCGCGCTCGCGGGCCCCCTCCAACCTAGACGCGTACTCTCACCCCGGCCCTGGCCCGGGC
Protein SerG IyGI uLeuArgLeuArgG IyVa IAlaProProProProLeuGI nAsnSerSerLysProArgSerArgAloProSerAsnLeuAspAlaTyrSerHi sProG IyProGlyProGly

Smo 1/Ava 1 180 240
CCGGGGAGCAACT TGACTTCGGCCCCAGTGCCCTCCACCACAACACGCTCGCTGACCGCATGCCCTGAGGAGTCCCCGCTGCTCGTCGGCCCCATGCTGAT TGAGTT TAACATACCTGTG
ProG IySerAsnLeuTh rSe rA IaProValIProSe rTh rThrThrArgSerLeuThrAlI CysProG IuG IuSerProLeuLeuVa IGlIyProMet Leul IeG IuPheAsnllIeProVa
AvaIl HindlII 300 Ba11 360
GACCTGAAGCTTGTGGAGCAGCAGAATCCCGAAGTGAAGTTGGGTGGTCGCTACACCCCCATGGACTGCATCTCTCCTCACAAGGTGGCCATCATCATTCCATTCCGCAACCGGCAGGAA
AspLeuLysLeuVaIGIuGInGInAsnProGIuVoILysLeuGIyGIyArgTyrThrProMetAspCyslIeSerProHis L rgAsnArgGInGlu

420 480
CACCTCAAGTACTGGCTGTATTACTTGCACCCAATCCTACAGCGTCA4CAGTTAGACT TGGJATCTATGTTATCAACCAGGCTGGAGAGTCCATGTTCAACCGCGCAAAGCTCCTCAATHisLeuLysTyrTrpLeuTyrTyrLeuHisProlleLeuGlfArg a~ll iIl GlnAlaGlyGluSerMetPheAsnArgAlaLysLeuLeuAsn

540 AvaIl 600
GTTGGCTTTAAAGAGGCCTTAAGGACTATGACTACAACTGCTTTGTGTTTAGCGATGTGGACCTACCAATGAACGACCATAACACCTACCAGTGCTTTTCACAGCCACGGCACATTTCT
Va IGI yPheLysGI uAIaLeuhe aPheVolPheSerAspValAspLeuProMetAsnAspHisAsnThrTyrGInCysPheSerGInProArgHislIeSer

1 660 720
GTAGCAATGGATAAGTTTGGATTTAGCCTACCTTACGTGCAGTATTTTGGAGGTGTCTCTGCTCTAAGTAAACAACAGTTTCTCAGCATCAATGGATTTCCTAATAACTACTGGGGCTGG
VaI AlaIheG IyPheSerLeuProTyrVaIGInTyrPheGlyGlyVa ISerAlaLeuSerLysGI nGInPheLeuSer IleAsnGlyPheProAsnAsnTyrTrpGlyTrp

780 Xhol/Avol 840
GGAGGTGAAGAT GATGACAT TT A TAACAGAT T.AGC TT T TAGAGGCATGT CTGTGTC TCGCCCAAATGCTGTGATCGGGAAGTGTCGGATGATCCGCCACTCGAGGAZCAAGAAAAATGAA
GlIyGlIyGlIuAspAspAsplI IeTy rAsnArgLeuA IaPheArgG IyMetSe rValISe rArgProAsnAlIaVa IIeG IyLysCysArgMet IlIeArgH isSerArgE~e

900 Kpnl
CCTAATCCTCAGACGTTTGACCGAAT TGCACATACAAAGGAGACAATGCTCTCTGATGGTTTGAACTCACTCACCTACATGGTGTTAGAGGTCCAGAGGT ACCCATTGTATACCAAAATC~rgPheAspArg I IeAlIaH isTh rLysGlIuThrMet LeuSerAspG IyLeuAsnSerLeuTh rTy rMetValILeuG IuVa IGl nArgTyrProLeuTyrThrLys IlIe

- Boll Avoll 1080
ACAGTGGACATCGGGACGCCGAGCTAGCAT TT TGGTGCACTGATCAGAGACCTGAAAATGGCCAGGGACCTCTGCTGTGTCTCTGCCTGTGTGCTGGGCTGGTCCCTCTCATTCTCACAA
ThrVolAsplIeGlyThrProSerEND

1140 1 200
TCAGTGATAGGCCCTCTCTGCC TCATCAT TCAGACGCCT TTCCGGACGACCAGGACAAGTGGGATATAT TGCCCCCAACT TGGCTCAGCATGTGACT TGTCAGCCCCACGAGGTGTATGT

1 260 Alul Alu1 1 320
AAGCAT AGAAACCATCAGCC T TTGGAGGC TCT CGGCATGT TCA TGGT TCACCCCAAAGAATCAAAGC TGTCGACAGCTCCAAATC TGGT GACTGTGGGACTCATCCCCAGCAAAtAAAAAA

.----------- 1380 1440
AAAACAAAACTGCTAAT TTGT TGTGATATAGGTAAGAGT T TTGCAT TTAAATCATGGTATTCTTACT TTGTGAAAAAGT TGGAGAGTGCTGCTGAAATCGGATTGGTGTGGTGTT T TTCC

1 500 1560
A T TGTCGT CT T TTTAACAGAAAAACACCCAGT T TCAACCAT TCTCATGT TATCACCCCCAACCCTCGACCCTCTCOTCCATGATATGCAACTATTACAATCACTGTGTGTGTATCT T T TCTT

EcoRl 1 620 1680
AGCAAAAGAAT T TTAAAAC TTGAGGCT TGAA TTCCAAGGCCACT T TAGCCACCAGAGCAAAAGCCT TGGGTGT TC TCACAGTCAGTGGCCT TTC TCCAAATGTCTGAT T TCTGAATGTAA

1 740 1800
AT CCTT TT T TTAAATAGCAT TTGTAGTAT T TTAAAGAAAGAACAAATCAGATCCTCCT TATGGTCTAGCTTGATT TTTGTGT TGATCCAGAATCGGCATAGTCTT TCAGTCGATGGCAAT

1860 1 920
TT A',T T TTCTGAGCATCGTATAT AAACT TCGAAT TTCCTATGTATT T TTGATTGT GTT TTACATGTGGGGATCGGGAT TGAGCATT TTTAGGGGGAAAAACAACGTATGCTGGTAGTGGC

1980 2000 ..... //... -3/00

CC ACATGG CTTCGGATGGAGCTGGCAGGCCAGGTCTTCTCGAAGAACATAGACAACTTCGGGCCTCGGTGAGAGCTAAGG ..... //. A_5103'

FIG. 2. Partial nucleotide sequence of the 3.7-kb cDNA insert from pLbGT-1 and the predicted partial amino acid sequence of the bovine
(,B1-4)galactosyltransferase. A translation frame was chosen that aligned the nucleotide sequence with the peptide sequence (black boxes) of
(,81-4)galactosyltransferase. In the Alu-equivalent sequence, a stretch of A13 is underlined, and the partial repeat sequences are shown by dashed
lines. The nucleotide sequence of pLbGT-2 was identical with the sequence of pLbGT-1, from nucleotides 625 (indicated by arrow) to 2000,
but different toward the 5' end.
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601 625 XhoI KpnI
pLbGT-1 -5'GTA GCA ATG GAT AAG TTT GGA TTT AGC CTA CCT TAC GTG CAG TAT TTT3'-// 4 X

pLbGT-2 -5'CTT TTG ACT GCG TAT GGT TTT CCC AGC CTA CCT TAC GTG CAG TAT TTT3'-// / -

FIG. 3. Nucleotide sequence of pLbGT-1 and pLbGT-2 in the region of divergence. Numbers correspond to the nucleotide numbers of
pLbGT-1.

sequence near the restriction sites in the divergent region of
pLbGT-2 (Fig. 2) showed no similarities with the sequence of
the corresponding region of pLbGT-1. The DNA sequences
at various divergent regions encode, in one of the open
reading frames, peptide sequences, which are different from
those ofthe protein encoded in the divergent part ofpLbGT-1
(data not shown). The inserts of the two plasmids, however,
encode protein sequences that have 120 identical residues in
the carboxyl-terminal domain. The DNA sequence data show
that pLbGT-1 encodes (f31-4)galactosyltransferase, whereas
pLbGT-2 encodes a protein that is partially related to this
transferase.
RNA Analysis by Blot Hybridization with pLbGT-1. To

determine the size of the galactosyltransferase mRNA, total
poly(A)+ RNA, extracted from lactating mammary glands
from different species and from the human mammary tumor
cell line MCF-7, were analyzed in blotting experiments (Fig.
4). The size of the main hybridizable RNA band in both
bovine and human species is about 4.5 kb. In bovine RNA
two additional hybridizable bands corresponding to 2.2 and
1.8 kb were detected. In the RNA from rat (Fig. 4, lane 3) and
mouse (data not shown) lactating mammary gland, two major
hybridizable bands were seen, which correspond to mRNAs
of about 4.2 and 2.5 kb. These hybridizable bands were
clearly visible even after washing the blots under more
stringent conditions [0.2x SSC at 55°C (20)]. Beneath these
major hybridizable bands a smear was seen in all the samples.
These results show that, using bovine cDNA probes, the
homologous RNA sequences of multiple sizes are detected in
all the other species tested. The longest mRNA in these
species is also around 4.5 kb.
Hybrid Selection and Translation. To confirm that the RNA

band hybridizing with MCF-7 poly(A)+ RNA is mRNA for
(p1-4)galactosyltransferase, we carried out positive transla-
tion analyses. Translation products synthesized in a reticu-
locyte cell-free translational system programmed with the
hybrid-selected mRNAs were immunoprecipitated by three
different monoclonal antibodies to human (l31-4)galactosyl-
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transferase (28). The translational products and immunopre-
cipitates were analyzed on NaDodSO4/polyacrylamide gels
(Fig. 5). The polypeptides synthesized with the bovine and
MCF-7 hybrid-selected mRNAs were similar in size, but not
identical. The largest peptide synthesized was about Mr
65,000. The three monoclonal antibodies to human galacto-
syltransferase, available to us, immunoprecipitated only
those polypeptides synthesized with the MCF-7 mRNA
samples (Fig. 5, lane 4) but not those synthesized with bovine
hybrid-selected mRNA. These results show that pLbGT-1
contains sequences that are homologous to the human ga-
lactosyltransferase mRNA.

DISCUSSION
We have initiated the molecular cloning approach to address
the question of whether the family of galactosyltransferases
have common structural and sequence features despite their
varying specificities. In this paper we report the isolation and
characterization of two sequence-related cDNA clones,
pLbGT-1 and pLbGT-2, and conclude that pLbGT-1 encodes
bovine N-acetylglucosamine (f31-4)galactosyltransferase.
Several lines of evidence support this conclusion: (i) The
nucleotide sequence of the 2-kb region from the 5' end of the
cDNA insert of pLbGT-1 encodes a protein sequence that
includes the amino acid sequences of five peptides from this
enzyme (Fig. 2). (ii) When pLbGT-1 or its 5'-end fragment
was used as a hybridization probe in the RNA blot analysis,
multiple mRNA sizes were detected in the poly(A)+ RNA
from various species, and among them was an mRNA that
was as long as 4.5 kb (Fig. 4). These RNAs were about 10-fold
more abundant in the lactating mammary glands of rat and
mouse than in liver (data not shown), which is consistent with
the observation that lactating mammary glands have high
levels of this enzyme. (iii) The in vitro-translated products
coded by human mRNA hybrid-selected with pLbGT-1 were
immunologically reactive with monoclonal antibodies (Fig. 4)
that recognized human but not the bovine (l31-4)galactosyl-
transferase epitopes (ref. 28, and unpublished data), provid-
ing additional evidence that pLbGT-1 contains sequences
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68-

45-

25.7-
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FIG. 4. RNA transfer blot analysis of poly(A)+ RNA from cow

(lane 1) and rat (lane 2) lactating mammary glands and from MCF-7
cells (lane 3). RNA was separated on a 1% agarose/6% formaldehyde
gel and blotted onto nitrocellulose filter. The filter strips containing
the bovine and the remaining samples were separately hybridized to
the 32P-labeled pLbGT-1 probe, washed, and exposed to x-ray film.

FIG. 5. Autoradiographs of 8.5% polyacrylamide gels showing
[35S]methionine-labeled polypeptides synthesized in a rabbit reticu-
locyte cell-free system programmed with RNA selected by hybrid-
ization to pLbGT-1 from the poly(A)+ RNA of bovine lactating
mammary gland (lane 1) and of MCF-7 cells (lane 3). Immunopre-
cipitates of the translation products programmed with the RNA from
bovine lactating mammary gland or MCF-7 cells (lanes 2 and 4,
respectively).
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homologous to the mRNA of human (01-4)galactosyltrans-
ferase.
The largest peptide that was synthesized in an in vitro

translational system programmed with the hybrid-selected
mRNAs was about Mr 65,000 (Fig. 5). These results and the
RNA blot analysis indicate that a cDNA insert of about 4.5
kb would be necessary to obtain a full-length clone coding for
the largest peptide. The in vivo-synthesized (31-4)galactosyl-
transferase is a glycoprotein that exists in several molecular
forms. The enzyme that can be solubilized from Golgi
membranes has an apparent molecular weight of 65,000 (12),
whereas those of the soluble forms found in milk and other
secretions range between 42,000 and 55,000 (10, 11). Low
molecular weight in vivo forms may be generated by the
proteolytic cleavage of the larger peptide, as proposed earlier
(11, 12). However, the presence of multiple mRNAs with
variable sizes (4.5, 2.2, and 1.8 kb from cows) and with
sequence differences at the 5' end observed in the present
study raises the possibility that some of the smaller size
proteins may directly be synthesized from different size
mRNAs.
The nucleotide sequence of the 4.1-kb insert ofpLbGT-2 at

the 5'-end region is different from that of pLbGT-1 but
identical between positions 625 and 2000, which includes 360
bases of the coding sequence and 1015 bases of the 3'-
noncoding sequence (Fig. 2). The remaining 3'-untranslated
region, based on the detailed restriction endonuclease anal-
yses and DNA sequence analyses around various restriction
sites, also appears to be identical with that of pLbGT-1. The
3'-noncoding region of both clones has two Alu-equivalent
sequences present in opposite orientations and an open
reading frame encoding a protein of 155 residues. The
biological significance ofthese sequence elements is not clear
at this time. The divergent region ofpLbGT-2 hybridizes with
the RNA that has a size identical to that of pLbGT-1 mRNA,
suggesting that this sequence is not a part of any accumulated
species of a precursor mRNA that should have a size larger
than that of pLbGT-1 mRNA. The coding sequence of
pLbGT-2 encodes in one open reading frame a protein sequence
that has a 120-residue carboxyl-terminal domain identical with
(J31-4)galactosyltransferase. These results and the fact that the
pLbGT-2 is not a single clone (since we have isolated additional
clones of this type) make it at present less likely that pLbGT-2
is a clone representing a partially spliced mRNA. Nevertheless,
the possibility that the divergent region ofpLbGT-2 is a part of
an intervening sequence has to be left open since the sequence
at the junction ofthe common and the divergent region contains
a dinucleotide AG (Fig. 3) that is a part of the consensus
sequence for the splice junction (31).
Evidence to date suggests that (,l1-4)- and (/31-3)galacto-

syltransferases may share some common peptides (32). The
two blood group transferases, enzyme A (N-acetylgalacto-
saminyltransferase) and enzyme B [(al-3)galactosyltransfer-
ase], which transfer two different sugar moieties to the same
blood group substance H [Fuc(a-1-2)Gal(P1-4)GlcNAc-],
also have peptides in common (33). pLbGT-2 may be a cDNA
clone encoding a different transferase. Our cDNA library is
constructed in the pcD expression vector (18), and a full-
length cDNA clone after transfection into COS cells has the
potential to express its genetic coding sequences (34). By
determining the enzymatic activities of the coded proteins, it
should be possible to assign a given cDNA clone to a
particular transferase. The two mRNAs, corresponding to
pLbGT-1 and pLbGT-2, may have been generated by differ-
ential splicing (35), by DNA rearrangement in some cell
populations [as in immunoglobulins and T-cell receptors
(36)], or each coded by a different gene. The results of the
preliminary genomic analyses of the bovine and human DNA
by the DNA blot analysis, using pLbGT-1 as a hybridization

probe, suggest that this DNA does not represent a multigene
family. Future analyses of genomic clones and assignment of
individual cDNA clones to specific transferases may indicate
the mechanism(s) involved in the synthesis ofa large number
of transferases with some common structures and different
enzymatic specificities.

Note Added in Proof. Following submission of this manuscript, a
cDNA clone encoding partial bovine galactosyltransferase sequence
was reported (37). The protein sequence predicted from this cDNA
is same as encoded by pLGT-1 with some differences in the variable
region. A cDNA clone with identical sequence in the variable region
as reported in ref. 37, among several other clones, has also been
isolated by us.
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