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Human milk galactosyltransferase (EC 2.4.1.22) was pur i f ied to homogeneity 
using a f f i n i t y  chromatography. Edman degradation was used to determine the 
amino acid sequences of eight peptide fragments isolated from the pur i f ied 
enzyme. A 60-mer "optimal" ol igonucleotide probe that corresponded to the 
amino acid sequence of one of the galactosyltransferase peptide fragments was 
constructed and used to screen a ~gtlO cDNA l ib rary .  Two hybr id izat ion- 
posi t ive recombinant phages, each with a 1.7 Kbp insert ,  were detected among 
3 x 106 recombinant ~gtlO phages. Sequencing of one of the cDNA inserts 
revealed a 783 bp galactosyltransf~rase coding sequence. The remainder of 
the sequence corresponded to the 3 -region of the mRNA downstream from the 
termination codon. ® 1986 Academic Press, Inc. 

Glycosylation reactions are needed to confer biologic ac t i v i t y  to a 

number of d i f ferent  protein and l i p i d  molecules. Epidermal growth factor 

receptor requires post- t ranslat ional  glycosylat ion in order to bind epidermal 

growth factor (11). Tunicamycin, a glycosylat ion inh ib i to r ,  decreases the 

a b i l i t y  of insu l in  and growth hormone receptors to bind the i r  respective 

ligands (5). A number of genet ical ly control led physiologic and pathologic 

conditions such as embryonic development and malignant transformation are 

associated with changing patterns of glycoconjugate synthesis (2, I0). 

*To whom correspondence should be addressed. 

Abbreviations: HPLC, High performance l iqu id  chromatography. SSC, Sodium 
chloride/Sodium c i t ra te  buffer (7); SSPE, Sodium chloride/Sodium phosphate 
monobasic/EDTA buffer; SDS, Sodium dodecylsulfate; CNBr, Cyanogen bromide; 
DTT, D i th io th re i to l .  
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Li t t le  progress has been made in understanding the genetic regulation of 

glycoconjugate synthesis because gene probes are not available for that pur- 

pose. This investigation was consequently initiated to clone and to sequence 

the human galactosyltransferase cDNA in order to provide a DNA probe to study 

the organization of the galactosyltransferase gene and to study the expres- 

sion of that gene at the mRNA level under various physiological and patho- 

logic conditions. A human l iver  cDNA l ibrary was screened with a 60-mer 

"optimal" oligonucleotide probe whose sequence was predicted from the amino 

acid sequence of one of the CNBr cleavage fragments from purified galactosyl- 

transferase, and two hybridization-positive clones were isolated. 

METHODS 

Purification of Galactosyltransferase 

Galactosyltransferase was purified from human milk, as described previ- 
ously (1) using an N-acetylglucosamine af f in i ty  column and successive 
passages through two ~-lactalbumin Sepharose columns. 

Amino Acid Sequencing of Galactosyltransferase 

The a f f in i t y  purified galactosyltransferase was reduced and alkylated, 
repurified by HPLC, and then cleaved with CNBr. The CNBr cleavage fragments 
were separated by reverse phase HPLC. Fragments up to 20 amino acid residues 
in length were sequenced manually as described by Tarr (12), and longer frag- 
ments were sequenced using the Applied Biosystems 470A Protein Sequencer. 
The PTH amino acids obtained from Edman degradation were analyzed by HPLC. 

Construction and Radioactive Labeling of the Oligonucleotide Probe 

The nucleotide sequence of a 60-mer "optimal" probe (Fig. la lower line) 
was deduced from the amino acid sequence of the CNBr cleavage fragment shown 
in Fig. la (upper line) using the method proposed by Lathe (6) to select 
"optimal" codons. The 60-mer probe was constructed by f i r s t  synthesizing two 
36-met oligonucleotides with 12 complementary nucleotides at their 3' ends as 

ProHlsLysValAlaIleIleIleProPheArgAsnArgGlnGluHisLeuLysTyrTrp 

CCCCACAAGGTGGCCATCATCATCCCATTCCGGAACCGGCAGGAGCATCTGAAGTACTGG 

b ist Strand (codln~), 
51CCCCACAAGGTGGCCATCATCATCCCATTCCGGAAC-3 ' 

3'-GGTAAGGCCTTGGCCGTCCTCGTAGACTTCATGACC-5' 
2rid Strand (non-codln~) 

Fi 9. 1. ~, Amino acid sequence (upper line) of galactosyltransferase 
CNBr fragment and corresponding predicted nucleotide sequence (lower 
line) used to design 60-mer probe, b, Two chemically synthesized 36 
residue-long coding (upper) and non-coding (lower) strands with 12 
complementary nucleotides on their 3' ends. Synthesis, hybridization 
and f i l l - in  reaction required for probe construction are described in 
text. 
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shown in Fig. lb. The oligonucleotide synthesis was performed by the phos- 
phoramidite method (3) using an Applied Biosystems DNA Synthesizer. The 
oligonucleotides were then purif ied by preparative polyacrylamide gel 
electrophoresis followed by gel f i l t r a t i o n  using Sephadex G-50. 

Hybridizaton of the 36-mer oligonucleotides was conducted in a 10 ~1 
volume containing 1X polymerase buffer (40 mM potassium phosphate, pH 7.4, I 
mM 2-mercaptoethanol, 6.2 mM MgCl2) , and 0.5 ~g each of the two oligonucleo- 
tides. The solution of the two 36-mer oligonucleotides was heated to 90°C 
for 5 minutes, and cooled to room temperature over a period of 45 minutes. 
The f i l l - i n  reaction was performed in a f inal  volume of 30 ~l containing 10 
~l of the hybridized oligonucleotide solution, I mM DTT, 1 unit of DNA poly- 
merase I,  and 250 ~Ci each of 32p-labeled deoxyadenosine, deoxyguanosine, 
deoxythymidine and deoxycytidine triphosphates. The reaction mixture was 
incubated at room temperature for 10 minutes, and was chased for 10 minute at 
25oc with i nanomole of each of the four non-radioactive deoxynucleoside 
triphosphates. The reaction was stopped by addition of 3 ~l of 0.1M EDTA 
(pH 7.5), diluted to 500 ~l with a buffer containing 10 mM Tris-Cl, 5 mM 
NaCl, and 0.1 mM EDTA, pH 8.0, and applied to a I x 30 cm G-50 Sephadex 
column previously equilibrated with the same buffer. The probe eluted 
immediately following the break-through volume, and the peak radioactive 
fractions containing the probe were used without further preparation. 

Screening of the IgtlO cDNA l i b ra ry  

A Igt10 l ibrary,  prepared from human l iver  mRNA as described previously 
(4, 13), was the generous g i f t  of Axel Ul l r ich and Lisa Coussens, Genentech, 
Inc., South San Francisco, CA. The l ibrary was plated on Escherichia coli 
C600 Hfl at a density of 200,000 plaques per 23 x 23 cm plate for the i n i t i a l  
screening. Subsequent screening was conducted on 100 mm diameter plates. 
Duplicate nitrocel lulose l i f t s  were made and hybridization with the 60-mer 
probe was conducted at 42oc for 14 hours in a solution containing 50% 
formamide, 2X Denhardt's solution, 5X SSPE, 100 ~g/ml sonicated, denatured 
Salmon sperm DNA. The nitrocel lulose l i f t s  were washed with 2 x SSC 
containing 0.1% SDS for 30 minutes at room temperature, followed by a second 
wash at 37oc for 2 hours, and a f inal  wash at 42oc for i hour. The 
hybridized f i l t e r s  were exposed to X-ray f i lm for 2 days at -20oc. Plaques 
displaying positive signals on both l i f t s  were selected for pur i f icat ion, 
which was accomplished by the fourth round of selection. 

RESULTS AND DISCUSSION 

Library Screen!ng and cDNA Sequencing 

I n i t i a l  screening of 3 x 106 plaques with the 60-mer probe detected 2 

hybridization-posit ive recombinant phages that were subsequently plaque- 

purif ied. Excision of cDNA from either of the two plaque-purified phages 

with EcoRI yielded three fragments, which were 1.0 and 0.35, and 0.4 Kbp 

long, for a total of 1.75 Kbp, as determined by electrophoresis in 0.8% 

agarose gels. Sequencing of the i Kb EcoRI fragment revealed a segment of 

cDNA, 982 base pairs in length, with an open reading frame containing 783 

nucleotides that translated into an amino acid sequence which included 7 of 

the 8 part ial amino acid sequences determined by Edman degradation of the 
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i 0  20 30 
(a) VAL GLY PRO MET LEU ILE GLU PHE ASN MET PRO VAL ASP LEU GLU LEU VAL ALA LYS GLN ASN PRO ASN VAL LYS MET GLY GLY ARG TYR 
(b) GTG GGC CCC ATG CTG ATT GAG TTT AAC ATG CCT GTG GAC CTG GAG CTC GTG GCA AAG CAG AAC CCA AAT GT6 AAG ATG GGC GGC CGC TAT 

. . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . .  z . . . .  . . . . . . . . . .  . . . . . .  . . . .  . . . . .  c 

--C . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . .  A . . . . . . . . .  AG C . . . . . . .  T --C G-A . . . . . .  T . . . .  T - -T . . . . .  C 

40 50 60 
(a) ALA PRO ARG ASP CYS VALSER PRO HIS LYS VAL ALA ILE "ILE ILE PRO PHE ARG ASN ARG GLN GLU HIS LEU LYS TYR TRP LEU TYR TYR 
(b) GCC CCC AGG GAC TGC GTC TCT CCT CAC AAA GTG GCC ATC ATC ATT CCA TTC CGC AAC CGG CAG GAG CAC CTC AAG TAC TGG CTA TAT TAT 

A . . . . . .  T . . . . . . .  A . . . . . . . . . . . . .  G . . . . . . . . . . .  .~ . . . . . . . . . . . . . . . . . . . . .  --A . . . . . . . . . . . . . . . . .  G . . . . .  C 
(e) THR MET ILE GLU 
( f )  A . . . . . .  T . . . . . . .  A . . . . . . . . . . . . .  G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . .  G . . . . .  C 

70 80 90 
(a) LEU HIS PRO VAL LEU GLN ARG GLN GLN LEU ASP TYR GLY ILE TYR VAL ILE ASN GLN ALA GLY ASP THR ILE PHE ASN ARG ALA LYS LEU 
(b) TTG CAC C~A GTC C'TG CAG CGC CAG CAG CTG GAC TAT GGC ATC TAT GTT ATC AAC CAG GCG GGA GAC ACT ATA TTC AAT CGT GCT AAG CTC 
(c) ILE GLU SER MET 
(d) . . . . . . . . .  A . . . .  A . . . . .  T . . . . . .  T-A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . .  G T-C --G . . . . .  C --C --A . . . . . .  
(e) ILE GLU SER MET 
( f )  . . . . . . . . .  A . . . .  A . . . . .  T . . . . . .  T-A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . .  G T-C --G . . . . .  C --C --A . . . . . .  

I00 i i 0  
(a) LEU ASN VAL GLY PHE 6LN GLU ALA LEU LYS ASP TYR ASP TYR THR CYS PHE VAL PHE SER 
(b) CTC AAT GTT GGC TTT CAA GAA GCC TTG AAG GAC TAT GAC TAC ACC TGC TTT GTG TTT AGT 
(c) LYS ASN 
(d )  . . . . . . . . . . . . . . .  A . . . .  G . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . .  C 
l~I  LYS ASN 

. . . . . . . . . . . . . . .  A . . . .  G . . . . . . . . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . .  C 

120 
ASP VAL ASP LEU ILE PRO MET ASN ASP HIS 
GAC GTG GAC CTC ATC CCA ATG AAT GAC CAT 

- - T  . . . . . . . . . . . . . . . . . . . .  C . . . . . .  

- - T  . . . . . . . .  A ~ . . . . . . . .  C . . . . . .  

130 140 150 
(a) ASN ALA TYR ARG CYS PHE SER GLN PRO ARG HIS ILE SER VAL ALA MET ASP LYS PHE GLY PHE SER LEU PRO TYR VAL GLN TYR PHE GLY 
(b) AAT GCG TAC AGG TGT TTT TCA CAG CCA CGG CAC ATT TCC GTT GCA ATG GAT AAG TTT GGA TTC AGC CTA CCT TAT GTT CAG TAT TTT GGA 
(c) THR LEU 
(d)  - -C  A-C . . . . . . . .  C . . . . . . . . . . . . . . . . . . . . . . .  T - - A  . . . . . . . . . . . . . . . . . .  C-T . . . . . . . . . . .  C - -G  . . . . . . . . . . . .  
(e) THR GLN 
( f )  --C A-C - - -  CA- --C . . . . . . . . . . . . . . . . . . . . . . .  T --A . . . . . . . . . . . . . . . . . . . .  T - . . . . . . . . . .  C --G . . . . . . . . . . . .  

160 
(a) GLY VAL SER ALA LEU SER LYS GLN GLN PHE LEU THR ILE ASN GLY PHE PRO ASN ASN 
(b) GGT GTC TCT GCT CTA AGT AAA CAA CAG TTT CTA ACC ATC AAT GGA'TTT CCT AAT AAT 
(c) SER 
(d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C -G . . . . . . . . . . . . . . . . . . . . .  C 
(e) SER 
( f )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C -G . . . . . . . . . . . . . . . . . . . . .  C 

170 180 
TYR TRP GLY TRP GLY GLY GLU ASP ASP ASP ILE 
TAT TGG GGC TGG GGA GGA GAA GAT GAT GAC ATT 

- - C  . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . .  

- - C  . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . .  

190 200 
(a) PHE ASN ARG LEU '~AL PHE ARG GLY MET SER ILE SER ARG PRO ASN ALA VAL VAL GLY ARG 
(b) TTT AAC AGA TTA GTT TTT AGA GGC ATG TCT ATA TCT CGC CCA AAT GCT GTG GTC GGG AGG 
I~I TYR ALA VAL ILE L YS 

-A . . . . . . . . . . .  C . . . . . . . . . . . . . . . .  G-G . . . . . . . . . . . . . . . . . .  A . . . . . .  A- 
(e) TYR ALA VAL ILE LYS 
( f )  -A . . . . . . . . . . .  C . . . . . . . . . . . . . . . .  G-G . . . . . . . . . . . . . . . . . .  A . . . . . .  A- 

210 
CYS ARG MET ILE ARG HIS SER ARG ASP LYS 
TGT CG~ ATG ATC CGC CAC TCA AGA GAC AAA 

..... G .............. G ........ G 

. . . . .  G . . . . . . . . . . . . . .  G . . . . . . . .  G 

220 
(a) LYS ASN GLU PRO ASN PRO GLN ARG PHE ASP 
(b) AAA AAT GAACCC AAT CCT CAG AGG TTT GAC 
(C) 
(d) 
(e) 
( f )  

(a) 
(b) 
(c) 

(f) 

230 240 
ARG ILE ALA HIS THR LYS GLU THR MET LEU SER ASP GLY LEU ASN SER LEU THR TYR GLN 
CGA ATT GCA CAC ACA AAG GAG A'C-,~ ATG CTC TCT GAT GGT TTG AAC TCA CTC ACC TAC' CAG 

MET 
. . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  AT- 

MET 
. . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  AT- 

250 26O 
VAL LEU ASP VAL GLN ARG TYR PRO LEU TYR THR GLN ILE THR VAL ASP ILE GLY THR PRO SER 
GTG CTG GAT GTA CAG AGA TAC CCA TTG TAT ACC CAA ATC ACA GTG GAC ATC GGG ACA CCG AGC TAG CGTTTTGGTACACGGATAAGAGAC 

GLU LYS 
- - -  T-A --G --C . . . . .  G . . . . .  G . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . .  A . . . . . . .  G---T---C . . . . . .  

GLU LYS 
- - -  T-A --G --C . . . . .  G . . . . . . . . . . . . . . .  A . . . . . . . . . . . . . . . . . . . . . .  G . . . . . . . . . .  A . . . . . . .  G---T---C . . . . .  

(b) CTGAAATTAGC•AGGGACCTCTGCTGTGTGTCTCTGCCAATCTGCTGGG•TGGTC•CTCTCATTTTTACCAGTCTGAGTGACAGGTCCC 
(d )  . . . . . .  A-G . . . . . . . . . . . . . . . . . . . . . . . . . . .  TG-G . . . . . . . . . . . . . . . . . . . . . .  C -C- -A -  -C . . . . .  T - - - C - - T  
(f) ...... A-G ................... • ........ TG-G ...................... C-C--A- ~ -C--~--T---C--T 

T I 

{b) CTTCGC TCATCATTCAGATGGCTTTCCAGATGACCAGGACGAGTGGGATATTTTGCCCCCAACTTGGCTCGGCATGTGAATTC 

(d) --CT .............. C-C ...... G--C ......... A .......... A .................. A ........ C--G 

(f) --CT--C ............ C-C ...... G--C ......... A .......... A .................. A ........ C--G 
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CNBr cleavage products (Fig. 2). The 8th sequence, which was shown prev i -  

ously (1) to be the N-terminal end of the soluble form of the enzyme, did not 

correspond to any nucleotide sequence in the cDNA iso late.  Thus, the open 

reading frame codes for  most of the amino acid sequence of the soluble form 

of the enzyme, but not the putat ive N-terminal membrane-bound port ion,  nor 

the t rans la t iona l  i n i t i a t i o n  codon. A comparison of the determined cDNA 

sequence with the DNA sequence of the ol igonucleot ide probe, which was 

predicted according to the method of Lathe (6), revealed that the probe had 6 

mismatches (90% homology) with the longest stretch of perfect  matches being 

14 base pairs in length (Fig. 3). This invest igat ion confirms the observa- 

t ion of previous invest igators (14, 15) that the use of long synthet ic 

"optimal" probes for  screening cDNA l i b ra r i es  is e f fec t i ve .  A comparison 

with two recent ly  published sequences for  bovine galactosyl t ransferase cDNA 

(8, 9) indicates an 89% homology to that of human galactosyl transferase cDNA 

as shown in Fig. 2. 

The amino acid sequences of CNBr cleavage fragments of the soluble form 

of human milk galactosyl t ransferase were 100% homologous with corresponding 

amino acid sequences defined by the nucleotide sequence of galactosyl t rans- 

ferase cDNA prepared from human l i ve r  mRNA. Since l i ve r  galactosyl t rans-  

ferase mRNA probably codes for  the membrane-bound form of the enzyme, i t  

appears that one species of mRNA codes for  both the soluble and membrane 

bound forms of galactosyl t ransferase. This is consistent with the concept 

~ . Nucleotide sequence of human galactosyltransferase cDNA (l ine 
corresponding predicted amino acid sequence (l ine a). Amino 

acids determined by sequential Edman degradation are underlined. Nucle- 
otide sequence of bovine cDNA (l ine c) and predicted amino acid sequence 
(l ine d) of bovine galactosyltransferase reported by Shaper et al. (9). 
Nucleotide sequence of bovine cDNA (l ine e) and predicted amino acid 
sequence (l ine f) of bovine galactosyltransferase reported by Narimatsu 
et al. (8). Places where bovine amino acid and nucleotide sequences 
diffe~ from corresponding human sequences are indicated in lines c, d, 
e, and f. Dashes show where sequences reported by Shaper et al. and 
Narimatsu et al. are identical to human sequences. Additional nucleo- 
tides detected in the human nucleotide sequence compared to bovine 
sequence are indicated by arrows. Amino acids 38-57 (overlined) were 
used to predict the nucleotide sequence of the 60-mer probe. Sequencing 
of the 1Kbp fragment of isolated human galactosyltransferase cDNA began 
with the universal M13 primer in the non-coding region. The dideoxy 
sequencing reaction was continued into the coding region by sequential 
priming with synthetic oligonucleotides at the places where the nucleo- 
tide sequence is underlined. 
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CCTCACAAAGTGGCCATCATCATTCCATTCCGCAACCGGCAGGAGCACCTCAAGTACTGG 

CCCCACAAGGTGGCCATCATCATCCCATTCCGGAACCGGCAGGAGCATCTGAAGTACTGG 

Fig. 3. Upper line, determined nucleotide sequence of human galactosyl- 
transferase cDNA corresponding to region of probe. Lower line, nucleo- 
tide sequence of probe deduced from determined amino acid sequence and 
from Lathe's (6) optimization of codons. Asterisks indicate mismatches. 

that soluble galactosyltransferase is a proteolyt ic  product of the bound form 
! 

of the enzyme. 
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