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Sialyltransferase 0160, a bacterial sialyltransferase which catalyzes the incorporation of
NeuAc from CMP-NeuAc into the galactose residue of the carbohydrate chain at position 6,
is produced by Photobacterium damsela JT0160. The gene coding for sialyltransferase 0160
(bst) was cloned, sequenced, and expressed in Escherichia coli. The sialyltransferase 0160
gene contains an open reading frame of 2,028 base pairs encoding a protein of 675 amino acid
residues. The deduced amino acid sequence of sialyltransferase 0160 did not contain the
sialylmotif and had no significant similarity to mammalian sialyltransferases. Crude
extracts of cultured E. coli MV1184 cells carrying an expression plasmid for the sialyl-
transferase 0160 gene showed sialyltransferase activity, which was identified as #-galacto-
side a2,6-sialyltransferase activity by enzymatic reaction product analysis. In addition,
when mutant genes, lacking 3-coding regions for COOH-terminal portions of the protein,
which are thought to form a-helix structures, were expressed in E. coli MVI184, soluble-
form enzymes were obtained. This implies that the COOH-terminal portion of sialyltrans-
ferase 0160 is required for membrane binding.

Key words: bacterial sialyltransferase, cloning, Photobacterium damsela JT0160, a2,6-
sialyltransferase.

Sialic acid plays an important role in a variety of biological
and physiological events, such as cell-cell recognition and
virus infections (1-4). Usually, sialic acid is linked at the
terminal position of carbohydrate chains of glycoproteins
and glycolipids (5), and three linkage patterns, NeuAc«2-
6Gal, NeuAc«2-3Gal, and NeuAcff2-6GalNAc, are com-
monly found in mammalian glycoproteins. These linkages
are formed by specific sialyltransferases. Several sialyl-
transferases have been purified from mammalian sources
(6-9). These enzymes, which usually catalyze the transfer
of NeuAc from CMP-NeuAc, can be distinguished en-
zymatically by rigid specificity for the sequence of the
acceptor oligosaccharide and the sugar to which it is
attached.

The cloning of sialyltransferase genes of mammalian
origin has revealed a conserved motif, the sialylmotif, in
the catalytic domain of these enzymes (10). The presence
of this sialylmotif has been used to aid cloning of this gene
family, the sialyltransferase family (11-15). The sialyl-
motif has been demonstrated to be involved in binding of
the common donor substrate CMP-NeuAc (16).

Recently, we reported the purification and some prop-

1 To whom correspondence should be addressed at the present
address: Tobacco Science Research Laboratory, Japan Tobacco Inc.,
6-2 Umegaoka, Aoba-ku, Yokohama, Kanagawa 227. Phone: + 81-
45-973-5611, Fax: +81-45-973-6781
Abbreviations: IPTG, isopropyl-l-thio-/f?-D-galactopyranoside; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
HPLC, high-perfomance liquid chromatography; bst, the gene coding
for sialyltransferase 0160.

© 1998 by The Japanese Biochemical Society.

erties of sialyltransferase 0160, which catalyzes the incor-
poration of NeuAc from CMP-NeuAc into the galactose
residue of the carbohydrate chain at position 6. This
sialyltransferase 0160 was produced by a marine bacteri-
um, Photobacterium damsela JT0160 (17). This enzyme
shows unique acceptor specificity compared with mam-
malian enzymes. For example, in the case of sialyltransfer-
ase 0160, lactose has almost the same Km value as N-
acetyllactosaminide. Further, sialyltransferase 0160 cata-
lyzes the transfer of a NeuAc to fucosyl- and sialyl-trisac-
charides in very high yield (18). These features are quite
different from those of rat liver /3-galactoside <ar2,6-sialyl-
transferase. However, sialyltransferase 0160 shares some
properties with mammalian sialyltransferases. For exam-
ple, the donor substrate of sialyltransferase 0160 is
CMP-NeuAc, the common donor substrate of mammalian
sialyltransferases. Its acceptor substrate specificity is
similar to that of rat liver or2,6-sialyltransferase, too.
Methyl-/?-D-galactopyranoside is the best acceptor sub-
strate among the monosaccharides. Preference for the /?-
anomer is observed for assayed monosaccharides. Further-
more, lactose is a better substrate than methyl-y3-D-ga-
lactopyranoside. These results indicated that sialyltrans-
ferase 0160 recognized not only the non-reducing terminal
galactose unit, but also the reducing terminal unit to which
galactose is linked. From the viewpoint of these donor and
acceptor substrate specificity, the structures of the cata-
lytic site and/or substrate binding site in the catalytic
domain of sialyltransferase 0160 are expected to show
some similarity to those of mammalian sialyltransferases.
To clarify these points, we investigated the sialyltransfer-
ase 0160 gene.
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In this paper, we report (i) the nucleotide sequence of the
gene for sialyltransferase 0160 and the deduced amino acid
sequence, (ii) the production of enzymatically active,
soluble-form sialyltransferase 0160 in Escherichia coli,
and (iii) the putative membrane-binding site of sialyltrans-
ferase 0160.

MATERIALS AND METHODS

Molecular Cloning and DNA Sequencing—Most of the
methods used for molecular cloning were based on those of
Maniatis et al. {19). P. damsela JT0160 cells were prepar-
ed as described previously {17). Genomic DNA of P.
damsela JT0160 was isolated by the method of Saito and
Miura {20). Colony hybridization was performed by the
method of Hanahan and Meselson {21). DNA sequencing
was carried out by the dideoxy chain termination method
{22). Restriction enzymes and other nucleic acid-modifying
enzymes were purchased from Takara and New England
Biolabs. Plasmid pUCl9, Hindlll linker and Xbal linker
were purchased from Takara; Ml3mpl8 and M13mpl9
were from Bio-Rad.

Organism and Culture Conditions—P. damsela JT 0160
was maintained at 18°C on the marine broth 2216-agar
plates (37.4 g of marine broth, 1.5 g of agar, 1 liter of
distilled water, pH7.6). E. coli strain XL-1 Blue MRA
(P2) [zJ(mcrA) 183 d{mcrCB-hsdSMR-mrr) 173 endAl
supE44 thi-1 gyrA96 relAl lacP2 lysogen] was used as a
host for lamda phages and grown on an L-broth medium
agar plate (1% Tryptone, 0.5% yeast extract, 0.5% NaCl,
and 1.5% agar in distilled water) at 37°C. Liquid culture of
E. coli XL-1 Blue MRA (P2) was carried out 5 ml of L-broth
medium supplemented with 0.2% maltose and 10 mM
MgSO4. The cells were recovered by centrifugation and
resuspended in 10 mM MgSO4. E. coli strain MV1184 [ara
A{lac-pro) strA thi <$> 80dlacIZ zJMl5 /}{srl-recA)306::
TnlO(Tef); Y'-.traD 36 proABlad qZ A M15] was used as
a host for plasmids and grown in L-broth medium at either
37 or 30°C. Ampicillin (100//g/ml) and IPTG (0.02 mM)
were added when needed.

Determination of Partial Amino Acid Sequence of
Sialyltransferase 0160—Sialyltransferase 0160 was puri-
fied from P. damsela JT0160 by the method of Yamamoto
et al. {17). To identify the NH2-terminal amino acid se-
quence, the purified sialyltransferase 0160 was sequenced
with a protein sequencer (Applied Biosystems model 473A)
according to the method of Matsudaira {23). The partial
amino acid sequences were determined as follows. Ten
micrograms of purified sialyltransferase 0160 was digested
with trypsin (5 U) for 24 h at 37°C. The reaction mixture
was subjected to HPLC (/<RPC C2/C18 SC 2.1/10, Phar-
macia) and eluted with a continuous linear gradient of 2 to
100% acetonitrile. The amino acid sequences of some peaks
were analyzed on a protein sequencer.

Based on the partial amino acid sequence, hybridization
primer HTY01/ [5-GCIAAITIITIGCIGGIACIIIICCIGAI-
GCICCIAA-3'] was synthesized. Here, 'I' indicated ino-
sine.

Expression of Sialyltransferase 0160 Gene—E. coli
MV1184 carrying expression plasmids was cultured in
medium containing IPTG. Culture was done at 30°C on a
rotary shaker (150 rpm) for 24 h, then the cells were
collected by centrifugation (20min at 7,000 x^) , and

suspended in 50 ml of 20 mM sodium cacodylate buffer (pH
6.0). The suspension was sonicated and centrifuged at
100,500 X<7 for 1 h. The enzyme assays were carried out
using the supernatant obtained and sonicated cells as
enzyme sources.

Purification of Recombinant Sialyltransferase 0160—
The purification of the recombinant sialyltransferase 0160
was carried out according to method reported previously
{17). In brief, cells were harvested from the culture by
centrifugation (6,000 X g, 20 min). They were suspended in
20 mM sodium cacodylate buffer (pH 6.0) and sonicated.
The sonicated solution was centrifuged (105,000 Xg, 1 h)
and the supernatant obtained was used as crude enzyme
solution. From this, recombinant sialyltransferase 0160
was purified by using a combination of anion exchange
chromatography, hydroxyapatite chromatography, gel
filtration chromatography, and affinity chromatography.

Sialyltransferase Assay and Identification of Enzymatic
Reaction Products—Sialyltransferase activity was assayed
by measuring [4,5,6,7,8,9-14C]-NeuAc transferred from
CMP-[4,5,6,7,8,9-uC]-NeuAc as a donor substrate to
lactose as an acceptor substrate. The reaction mixture
consisted of 70nmol of CMP-[4,5,6,7,8,9-uC]-NeuAc
(642 cpm/nmol), 1.25 jxmol of lactose, and enzyme solu-
tion in 25 ix\ of 20 mM sodium cacodylate buffer (pH 5.0)
containing 0.02% Triton X-100. The enzyme reaction was
carried out at 30°C for 3 min. All assays were performed in
duplicate. After the reaction, the reaction mixture was
diluted with 5 mM sodium phosphate buffer (pH 6.8) to 2
ml, and applied to a column (0.5x2 cm) of Dowex 1x8
(phosphate form). The eluate (2 ml) was collected directly
into a scintillation vial for counting. The radioactivity of
[4,5,6,7,8,9-uC]-NeuAc which had been transferred was
calculated. One unit (U) was denned as the amount that
transferred 1 //mol of sialic acid per min to the lactose
under the conditions described above.

The identification of enzymatic reaction products was
performed by HPLC. The enzymatic reactions were carried
out using pyridylaminated lactose as an acceptor substrate.
After the reaction, each reaction mixture was analyzed by
HPLC using a Takara PALPAK type R (0.46x25 cm)
analytical column. The reaction mixture was applied to the
column equilibrated with 100 mM acetic acid-triethyl-
amine buffer (pH 5.2) containing 0.15% n-butanol. Pyridyl-
aminated carbohydrate chains (non-reacted acceptor sub-
strate and product) were eluted using ra-butanol in the same
buffer. The concentration of n-butanol was increased lin-
early from 0.15 to 0.5% (0-35 min). Pyridylaminated
carbohydrate chains were detected by fluorescence mea-
surement (Ex: 320 nm; Em: 400 nm). The column temper-
ature was 40°C, and the flow rate was 1 ml/min {24).

Site-Directed Mutagenesis—The oligodeoxynucleotides
for site-directed mutagenesis were synthesized with an
Applied Biosystems 381A DNA synthesizer. To introduce a
stop codon at 539 L and 498 D, primer MTY01 [5'-CAAA
ACAATTACTGATTAATAGTGAATTGGCGATGTGGCA-
G-3'] and primer MTY02 [5'-TGTTCTGTTCTGGGCTT-
AGTGATAAGATCTCTCGATGGAAGTTGCC-3'1 were
used as mutagenic primers, respectively. To introduce an
EcoRl site just upstream of methionine, primer MTY03
r 5 ' - T T T T T A T G T G A A T G T G G A A T T C A T G A -
AGAAAATACTGA-3'] was used as mutagenic primer.
Site-directed mutagenesis were performed with phage
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Ml3mpl8 and M13mpl9, using a MUTA-GENE in vitro
mutagenesis kit (Bio-Rad), according to Kunkel (25). The
entire regions of the DNA fragments were sequenced to
confirm that only the expected mutation had occurred.

Other Methods—SDS-electrophoresis was done by the
method described by Laemmli (37). The nucleotide and
amino acid sequences were evaluated using the DNASIS
computer program developed by Hitachi Software Engi-
neering (Yokohama). Accessed data bases were Genbank
(National Institute of Health) and EMBL.

RESULTS

Cloning and Sequencing of Sialyltransferase 0160
Gene—First, the genomic DNA of P. damsela JT0160 was
digested with Hindlll and Southern hybridization were
carried out using primer HTY01. The resulting 2.8 kbp
fragment was hybridized. To obtain recombinant plasmids
containing this fragment, the 2.8 kbp fragment derived
from ifindlll-digested genomic DNA was ligated into the
Hindlll site of pUCl9. No recombinant plasmid which
hybridized with HTY01 was obtained.

Then, the genomic DNA was partially digested with
Sau3Al and the digested fragment was ligated with T4
DNA ligase into the Bamlil site of lamda phage DASH II
(Stratagene) at 4°C, 16 h. Recombinant lamda DNAs were
packaged with Gigapack II packaging extract (Stratagene).
Packaged recombinant lamda phages DASH II were used to
infect E. coli XL-1 Blue MRA (P2) at 37°C for 15 min, and
infected cells were spread on L-broth medium agar plates
in a solution of 0.7% agarose. From these plates, recom-
binant lamda phages were recovered. The recovered lamda
phages were used as a genomic DNA library.

The genomic library were distributed on L-broth medi-
um agar plates at the 1,000 plaques per plate and plaque
hybridization was carried out using the primer HTY01.
From one of the positive clones (lamda-7), lamda DNA was
purified using lamda-prep (Promega). The obtained lamda
DNA was digested with Hindlll. The digest was ligated into
the Hindlll site of pUCl9 and then transformed into E. coli
MV1184 cells. To obtain positive clones, colony hybridiza-
tion was carried out using the primer HTY01. From the
positive clones, amplified recombinant plasmid DNAs were
recovered by standard methods (19). All these plasmids
contained a 1.6 kbp fragment in the HmdIII site. These
plasmids were named pBSTN. Next, using lamda-7 as the
template, DNA sequencing was carried out using sequenc-
ing primer STY01 [5'-ATTTTTCAAGGGGCATCCTGCT-
GG-3']. Based on the results of lamda-7 sequencing,
hybridization primer HTY02 [5'-AAGATTTCATTTGAG-
GT-3'] was synthesized. Using primer HTY02, Southern
hybridization were performed against Hindlll-digested
lamda-7 DNA. The resulting 1.2-kbp fragment was hybrid-
ized and this fragment was ligated into the HmdIII site of

pUC19. This plasmid was named pBSTC.
Nucleotide Sequence of the Gene for Sialyltransferase

0160—The restriction enzyme map of the 2.8-kbp Hindlll
fragment is presented in Fig. 1. Both strands of the
fragment were sequenced. Figure 2 shows the nucleotide
sequence of the DNA and the predicted amino acid se-
quence of the sialyltransferase 0160. A long open reading
frame of 2,028 nucleotides was found. The amino acid
sequence deduced from the nucleotide sequence of sialyl-
transferase 0160 had 675 amino acid residues with a
calculated weight of 76.5 kDa (Fig. 2). The amino acid
sequence from the 17th to the 31st amino acid of the
primary translation product of this frame coincided with
the NH2-terminal amino acid sequence of sialyltransferase
0160. Furthermore, all of the partial amino acid sequences
of sialyltransferase 0160 were coincided with the predicted
sialyltransferase 0160 gene product. Therefore, it was
clear that the nucleotide sequence of this reading frame is
that of the gene encoding sialyltransferase 0160 (Fig. 2).
The hydropathy profile of the deduced amino acid sequence
of sialyltransferase 0160, obtained according to Kyte and
Doolittle (26), is shown in Fig. 3. The first 15 amino acid
residues constitute a hydrophobic region. Moreover, after
Met, two 2 positively charged amino acid residues (Lys)
were present. These results indicated that this region may
function as a signal sequence translocating the protein
across the cytoplasmic membrane (39).

The deduced amino acid sequence of the primary transla-
tion product of sialyltransferase 0160 gene had no sialyl-
motif and showed no apparent sequence similarity with any
other sialyltransferase of mammalian origin. But, the
COOH-terminal regions of the primary translation product
showed high homology with the phosphate transport sys-
tem regulatory protein (PhoU protein) of E. coli (27) (Fig.
4). The secondary structure analysis of the primary trans-
lation product showed that the COOH-terminal regions of
sialyltransferase 0160 may formed a -helix structures
(amino acid residue 543 to 561, amino acid residue 569 to
588), and hydrophobic amino acid residues were arranged
in one direction.

In the sequence upstream of the initiation codon, three
regions homologous to the ribosome-binding and promoter
sites of E. coli were found. A Shine-Dalgarno site was
located 41 bases upstream from the initiation codon (28).
Two promoter-like sequences, GAT ATT and ATGACA,
were observed at nucleotides —126 to —121 and —157
to —152, which were similar to the —10 and —35 regions
of E. coli, respectively (29, 30). Therefore, these regions
constitute a potential promoter. In the 3'-noncoding regions
of the sialyltransferase gene, a potential translational
termination sequence which could form a stem-and-loop
structure (nucleotides 2054 to 2081) followed by a thy-
mine-rich sequence. This structure may protect the end of
the mRNA from the attack of single-strand-specific 3'-
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Fig. 1. Restriction map and position of
the cloned DNA fragment. The restriction
sites of plasmids are shown. The position of
the open reading frame of the sialyltransfer-
ase 0160 gene is indicated by the open arrow.
The DNA fragments contained by plasmids,
pBSTN and pBSTC, are denoted by horizon-
tal arrows.
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- 3 6 5 AAGCTTATCTTCAAATCAATCATAACCAAGCCCCC - 3 6 1

- 3 5 S ATTCAATTACTTCAACACCTAACCCC>jL\ACCCGAT«X^CT<niAAAACCCCAACCTCA<XlAACTTATTCAATAACTAAl 111 lCAAA'H.rH. IV. II 11AACCCCTAAACC ATTCACTCT - 2 4 1

- 2 3 5 CTTAAAGCCTACTATCTCATCATAACCCIl^IUICCCATACTACCCACTTTTAATgA'Hll H^TrATTTATTAPTTHTTCgTXTT:»r»l. 11 1U 1AAATAATAA1 1 ITU AATTC>T»TTT - 1 2 1
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121 CAACTCACACCCATTCATGCTCCTACC1C1T1T1 1 ATCTCVl'lO^XXiAGCAAACATGTGCCACACCTAlUl'll.AATGAAAGTCACAAGCAAOCCATAIV. 111 1UA 111 H. 1 H.C 1CCA

tl Q L T P I D A P S S F L S K S H E Q T C O T P I L N E S D K Q A I S P D F V A P

241 CACTrAAACCAACATCAAAACTAl 11. 11 lUACTTTTAAAec^ATTACACCCXATakTACCTATATCACAAATACAACATTAAClU'l'lVriUCACCTACCCTACAACTTTACATCGATCAT
II E L K Q D E X Y C P T F K G I T C D H R Y I T N T T I . T V V A P T L E V Y I D H

361 CCATCCTrACCATCCCTACACCACCTTATCCACATTATTCAAGCAAAACATGAATACCCAACTAATCAACO I' l l 1V.IVH. fHXIAACCCTCTAACm TltiATCCTCATAATSCCAATAAC
121 A S L P S L Q Q L I H I I Q A K O E Y P S H Q R F V S H X R V T V D A D H A N K

4 8 1 T T A A A C A T T C A T A C T T A T C C A T T A A A A « « ^ A T A A T A C C T C A C C A G A A A T G < r i G G C A C C C A T T C A T t ^ ^
1(1 L N I H T Y P L X G N N T S P E M V A A I D E Y A Q S I C N R L N I E r Y T N T A

6 0 1 C A 1 0 1 1 1 1 1 AATAATTTACCACCTATTATTCAACCTTrATATAATAACCACAAGGTGAAAAl 1IX. H-ATATTAS ITlVfATGATG A T U . I l l I I I H.AATATCTAACTTTATATCAATCG
201 H V F N N L P P I X Q P L Y N N E K V K X S X I S L Y D D G S S E Y V S L Y Q H

7 2 1 AAAGATACACCAAATAACATACAAACATTACAA«rn:AWrrATCOCTTCTTCCT»ATTATTTAOCAaaUk(^TCT<XGOATGCACCAAAACCAATGCG

2 4 1 K D T P N X f E T L E C E V S L L A H Y L A O T S y P A P K C K C N R T H w M K

841 TTATATGACACTCATTATTAl 1111 ICCCCOAACATTACCTTCACCTrCAA<^^AACCTACATCATrTACCTCATrATTTACCCl\- riVCCCAAACCAAATCCCATCCCATCAAll'lOCT
211 L Y D T D Y Y F L R E D Y L D V E A N L H D L R D Y L O S S A K Q H P H D E F A

J 6 1 AAATrATCTCATTCTCACCAAACACTAl 1111 AC ATATTCTCCCT
111 K L S D S Q Q T L F L D I V C

rTTSATAAJUUUXJlATTCCAACAACAATATTCACAATCCCCACTACCAAACTTTAl'l'l'llACCCCCACAACAACT 1 0 8 0
F D K E Q L Q Q Q Y S Q S P L P N F I F T C T T T 360

10J1 TCGGCTCGGCOCGAAACCAAACACTATrATCCTCAC<^ACAAGTAAATCTC\TTAATAAT«3»TCAATtHUUlCTA«XCTTKTTAT^ 1 2 0 0
361 W A G G E T K E Y Y A Q Q Q V N V I H N A I N E T S P Y Y L O I C D Y D L F F K C 4 0 0

1201 CATCClOClV^IGGCCnrrATTAACGACATCAl'lt.lll^AAGCTTCCCTGATATCATCAATATTCCACCCAAGAl'ritJ^rilliAXMlC'nt^T^ 1 3 2 0
401 H P A C G V I N D I I L G S F P D H I N I P A K I S P E V L M K T D M L P D T V HO

1321 GCTGCTATTGCC AOC K.-lVlbTACTTCfcCAATl'LC l"^CGATAAAOTTAATTrrATrGTATTTACTTCATCTJ»CACrATTACTt»TarrGAACAOGCTCrrAAATCACCATTACTACAA 1 4 4 0
441 A C I A S S L Y F T I P A D K V H F I V F T S S D T I T D R E E A L K S P L V Q 4 » 0

1441 GTOATCCTAAU,riOOCTATTCTTAAACAAAAAGA1V. 11CH,I ItlOGGCTGATCATAAAGTAAACTCGATCWAACTTCCCArrGATnAACCCTGTACTCGCATOkTroCAAAGCCACAA 1 5 6 0
4»1 V M L T L G I V K E K D V L F H A D K X V M S K E V A I D E A C T R I I A K R Q 5 2 0

1561 CCAACCGCCACTGATn'ACGCTr«riTATrCCTATTATC>AAACAATTACTCATCTICACCCTATI«^ 1 6 « 0
521 P T A S D L R L V I A I I K T I T D L E R I 0 D V A E S I A X V A L E S F S N 1 C 5<0

1 6 8 1 CAATATAACCTATICCI-nCl-lTAGAAIllvril^^CAGCATACrenTCGAATGC^ 1 8 0 0
SSI O Y N L L V S L E S L G Q H T V R M L K E V L D A F A R M D V K A A I E V Y Q E S00

SOI D D R I D Q

IS 21 CGAGTCGCTGATCGCTCTCAAAACA'l 1 lU !>,AGTACATTATCTALTrH,'mAAGGCTAAAGACG riCOCCATACCAAACCACATCAl ni^CTACTATGCTCGATTAATCTATACAAGAA 2 0 4 0
<41 R V G D R C Q N I C E Y I I Y F V K G K D V R H . T K P D D P G T K L D ' S7S

2 0 4 1 ACAACAAAr^AGAAmrrrr;rrxf:rxTCGTAAATcrTmrn>n-riTiurAATCM^AAAAACgCCT-rrTt^ 2 1 6 0

2 1 6 1 CATTCATCCTCA V f l H. llATTGTTGCTATATTrCAATTAGTTAAI. 1UCO ri-lX^GTTAAACCTCTATICTAAACCGACACI^XXTXXXiACTTCTCATCACGAGTATTTACCGClCtt ITf 2 2 8 0

22 81 CGTAATGGAAAG'1'lCCrCATACACTTAAGT
KlndHI

GATTCCATAACCACCACCAAGCCTAAAGCTT 2348

Fig. 2. Nucleotide sequence and the deduced amino acid se- Shine-Dalgarno sequence (SD), and putative translational termination
quence of the sialyltransferase 0160 gene. The numbering of sequence are underlined. The termination codon is indicated by an
nucleotides starts at the 5' terminus of the bst gene, and that of amino asterisk. Double-underlined amino acid sequences were obtained from
acids at the NH2 terminus of mature sialyltransferase 0160. Typical sialyltransferase 0160 degraded with trypsin.
expression signals, a promoter sequence ( — 35 and —10 regions), a

101 201 301 401 501 601 675

Fig. 3. Hydropathy profile of sialyltransferase 0160. Hydro-
pathy was calculated according to Kyte and Doolittle (26). The
portions above the horizontal line correspond to hydrophobic regions.

RNases (31) in addition to terminating transcription.
Construction of Expression Plasmid—The pAQN plas-

mid DNA which was constructed to express the aqualysin I
gene (aqul) (32) was used as the expression plasmid for
bst. This plasmid DNA contains lad" from pMJR1560, ori
and Ampr from pUC18, and aqul gene between the EcoBI
site just downstream of the tac promoter and the Hindlll
site just upstream of the rrnBTlT2 terminator. Ten unique
restriction sites including EcoRl and Hindlll exist between
the EcoRl site and the Hindlll site. The construction of the
expression plasmid for bst, pEBST was carried out as
follows.

(1) Modification of pAQN: The restriction enzyme sites
of pAQN are in the sequence EcoBI, Bglll, Xbal, and
Hindlll from just downstream of the tac promoter. First,
pAQN was digested with Hindlll and Xbal, followed by
treatment with DNA polymerase Klenow fragment, and
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ligated. By this treatment, the Hindlll site was excised
from pAQN and the Xbal site was recovered (pAQN JXH).
Second, pAQNzJXH was digested with Bglll, followed by
Klenow fragment treatment, and ligated with Hindlll
linker. By this treatment, the Bglll site was substituted
with a tfmdlll site (pAQN-EHX).

(2) Modification of pBSTC and ligation of the inserted
DNA fragment into pAQN-EHX: The 1.2-kbp Hindlll-
digested fragment derived from pBSTC was ligated into the
Hindlll site of the multiple cloning sites of M13mpl8. The
plasmid DNA with the portion encoding the COOH-termi-
nal region of sialyltransferase 0160 on the EcoRl site side
in the multiple cloning sites of M13mpl8 was selected, and
named pMBSTC. This was digested with Hpal, followed by
treatment with Klenow fragment, and ligated with Xbal
linker. The resulting Hpal site was substituted with an
Xbal site (pMBSTC-XH). The Hindlll-Xbal fragment of
pMBSTC-XH was ligated into the Hindlll-Xbal site of
pAQN-EHX (designated pEBSTC).

(3) Modification of pBSTN and construction of expres-

(A)

Expression plasmid, pEBST series

sion plasmid: A 1.6-kbp Hindlll fragment derived from
pBSTN was ligated into the Hindlll site of the multiple
cloning sites of Ml3mpl9. The plasmid DNA with the DNA
region encoding the NH2-terminal amino acid sequence of
sialyltransferase 0160 on the EcoRl site side in the
multiple cloning sites of M13mpl9 was selected, and
named pMBSTN. To introduce an EcoRl site just upstream
of methionine, site-directed mutagenesis was carried out
using primer MTY03, and the resulting plasmid was
designated pMBSTN-E. The EcoRl-Hindlll fragment of
pMBSTN-E was ligated into the EcoRl-Hindlll site of
pEBSTC. The resulting plasmid was designated pEBST
(Fig. 5). The bst gene could be inserted only into the
plasmid containing the laclq gene.

Expression of Sialyltransferase 0160 in E. coli—E. coli
MV1184 carrying pEBST was cultured. After culture, cells
were collected by centrifugation and suspended in 20 mM
sodium cacodylate buffer (pH6.0). The suspension was
sonicated, and the enzyme activity of the sonicated solution
was measured. Sialyltransferase activity was observed in it
(Table I).

COOH-Terminal Membrane-Binding Site—To introduce
a stop codon at 539 L and 498 D, site-directed mutagenesis
were performed on pMBSTCz/X using primers MTY01 and
MTY02, respectively. The resulting plasmids were named
pMBSTCz/137 and pMBSTCjl78, respectively. These
plasmid DNAs were digested with Mndlll and Xbal. The
Hindlll-Xbal fragments were ligated into the ifmdlll-
Xbal site of pAQN-EHX. The resulting plasmids were
designated pEBSTCz/137 and pEBSTOdl78, respectively.
Using these plasmids, two expression plasmids were con-
structed by the same methods as described in " Construction
of Expression Plasmid," and named pEBST^137 and
pEBSTJ178, respectively.

From the cells of E. coli MV1184 carrying pEBSTz/137
and pEBSTzJ178, soluble-form enzyme was obtained

(B)

CAqAGGAIAACAGAATTCATGAAGAAA

EcoRlS.D. M K K

Fig. 5. Structureof expression plasmids, pEBST series, for the
sialyltransferase 0160 gene. (A) Expression plasmids, pEBST
series, were constructed from plasmid pAQN (32), pBSTN and
pBSTC. (B) The nucleotide sequence around the initiation site of the
pEBST series. The S.D. sequence derived from pAQN is indicated by
boxes. The introduced EcoKl site is underlined.

TABLE I. The enzyme activity of each cell sonicate and its
supernatant after ultracentrifugation. The enzyme activity was
measured by the method described under "MATERIALS AND
METHODS." The enzyme activity was expressed as total activity of
the cells obtained from 1 liter of culture broth.
Plasmid transformed
into E. coh MVI184

Enzyme activity
of cell sonicate

Enzyme activity of supernatant
of ultracentrifugation

pEBST
pEBST/7137
pEBST^178

25.2 U/liter
56.6 U/liter

224.5 U/liter

N.D.
37.3 U/liter

121.3 U/liter

STase0160 498
PhoU protein 56
Consensus

IOEACFRIIA KRQPTASOLR LV[
IOEAC|/RIIA KRQPTASOLR LV

;TT» unpT^n i p i v

C(LTRIGDVA]E 547
ELERIG0VA3 105

STaseO160 548 SJIhKVjATEEf
PhoU proiein 106 Wit
Consensus |j[

STaseO16O 598
PhoU protein 156
Consensus

STaseO16O 648
PhoU protein 206
Consensus

EV 597
RI 155 Fig. 4. Compar i son of a m i n o acid sequences of

sialyltransferase 0160 and PhoU protein. The
amino acid sequences numbered from the NH2-termi-
nal residue of the proteins. STase: The amino acid
sequence of sialyltransferase 0160 [amino acid resi-
due, 498 (D) to 675 (D)]. PhoU protein: The amino
acid sequence of the phosphate transport system
regulatory protein [amino acid residue, 56 (D) to 239
(K)]. Consensus amino acids are shown at the bottom
of each line.
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Fig. 6. SDS-PAGE of purified recombinant sialyltransferase.
The electrophoresis was carried out on a 10% polyacrylamide gel at
pH 8.4 in Tris-glycine buffer. Proteins were stained with Coomassie
Brilliant Blue R-250. Phosphorylase B (105 kDa), bovine serum
albumin (82 kDa), ovalbumin (49 kDa), carbonic anhydrase (33.3
kDa), and soybean trypsin inhibitor (28.6 kDa) were used as stan-
dards for molecular mass determination. Lane 1, standard proteins;
molecular masses are indicated. Lane 2, recombinant sialyltransfer-
ase.

(Table I).
Purification of Recombinant Sialyltransferase 0160—

Recombinant sialyltransferase 0160 was purified from the
cells of E. coli MV1184 carrying PEBSTzJ178 via the
procedures described in "MATERIALS AND METHODS." The
purified recombinant enzyme migrated as a single polypep-
tide with a molecular mass of 54 kDa under denaturing
conditions (Fig. 6). The specific activity of purified recom-
binant sialyltransferase 0160 was 7.0 U/mg.

Using pyridylaminated lactose as an acceptor substrate,
the enzymatic reaction was carried out and reaction prod-
ucts were analyzed by HPLC. The retention time of
pyridylaminated lactose was 5.2 min. The retention time of
the reaction product using sialyltransferase 0160 purified
from P. damsela JT0160 was 6.0 min and that of the
product using recombinant sialyltransferase 0160 was also
6.0 min. These results indicated that recombinant sialyl-
transferase 0160 transfers NeuAc from CMP-NeuAc to the
galactose residue of lactose at position 6.

DISCUSSION

In order to clarify the primary structure of sialyltransfer-
ase 0160, we have cloned, sequenced and expressed in E.
coli the gene coding for sialyltransferase 0160 (bst) from a
genomic DNA of P. damsela JT0160.

In 1987, Weinstein et al. first cloned a cDNA encoding a
Gal/Jl, 4GlcNAc a2,6-sialyltransferase using polyclonal
antibodies raised against the purified enzyme (33). Up to
present, 12 sialyltransferase genes have been cloned.
Comparison of their primary amino acid sequences has
revealed two conserved regions, named "sialyl motif L" and
"sialyl motif S," in the catalytic domain (34). The "sialyl
motif L" has been demonstrated to be involved in binding
of the common donor substrate of sialyltransferase, CMP-
NeuAc (16). On the other hand, the bacterial a2,3-sialyl-
transferase genes from Neisseria meningitidis and Neis-
seria gonorrhoeae were cloned and expressed in E. coli. The
genes encoding bacterial a2,3-sialyltransferases showed no
similarity to those of mammalian sialyltransferases (35).
The results of homology search showed that our sialyltrans-
ferase 0160 has no homologous regions to the cloned

sialyltransferases, even though sialyltransferase 0160
shares some features of donor substrate and acceptor
substrate specificity. These results indicated that sialyl-
transferase 0160 may have acquired its activity through an
evolutionary process different from that of the mammalian
and N. meningitidis and N. gonorrhoeae enzymes.

The structure of sialyltransferase 0160 seems to be quite
different from those of known sialyltransferases. The
deduced primary sequences of the cloned sialyltransferases
predicted a short NH2-terminal cytoplasmic domain, a
signal-membrane anchor domain, a stem region, and a large
catalytic domain on the COOH-terminal side of the mature
proteins. However, sialyltransferase 0160 seems to bind to
the membrane through a -helix structures at COOH-termi-
nal regions, like pyruvate oxidase purified from E. coli
(36). Soluble-form COOH-terminal deletion mutants were
obtained (E. coli. MV1184 carrying pEBSTzJ137 and
pEBSTzJ178, Table I). From these results, it was predicted
that (1) the catalytic domain of sialyltransferase 0160 may
lie in the NH2-terminal side of the protein, (2) <?-helix
structures which may be formed in the COOH-terminal
regions of the enzyme seem to be involved in membrane
binding.

The primary translation product of the bst gene between
the initiation and termination codons is predicted to be
composed of 675 amino acid residues with a calculated
weight of 76.5 kDa. The purified sialyltransferase 0160
from P. damsela JT0160 has an NH2-terminal amino acid
sequence identical to the sequence from the 16th to 31st
amino acids of the primary translation product of the bst
gene. The first 15 amino acid residues constitute a hydro-
phobic region that probably acts as a signal peptide.
Therefore, the mature enzyme is composed of 660 amino
acid residues with a calculated weight of 74.8 kDa. How-
ever, the purified enzyme from P. damsela JT0160 showed
a molecular weight of 61 kDa on SDS-PAGE analysis and
64 kDa on gel-filtration chromatography (17). Thus, the
mature enzyme may be formed by processing at the NH2-
and/or COOH-terminal ends. On the assumption that
processing at the COOH-terminal side occurred at the end
of the a-helix structures, the predicted mature enzyme
would be composed of 573 amino acid residues with a
calculated weight of 64.5 kDa. This calculated weight is
consistent with the values obtained by SDS-PAGE and
gel-filtration chromatography. Analysis of the COOH-ter-
minal amino acid sequence of sialyltransferase 0160 is in
progress.

P. damsela JT0160 is Gram-negative bacterium, and
there is a candidate signal peptide in the NH2-terminal
region of the deduced amino acid sequence of sialyltrans-
ferase 0160. Thus, sialyltransferase 0160 may be trans-
located across the cytoplasmic membrane to the periplasm.
It may be involved in the biosynthesis of glycoproteins
which contain sialic acid. An outer membrane protein
thought to be essential as an acceptor substrate of
sialyltransferase 0160 has been obtained from P. damsela
JT0160 (data not shown). Further investigation of this
outer membrane protein is in progress.

The 2.8-kbp fragment, derived from ifmdIII digestion of
genomic DNA of P. damsela JT0160, which contained the
bst gene, was not obtained using pUC19 as the host
plasmid. The bst gene could be obtained only by using
plasmid that containing the laclq gene as the host plasmid.
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Fig. 6. SDS-PAGE of purified recombinant sialyltransferase.
The electrophoresis was carried out on a 10% polyacrylamide gel at
pH 8.4 in Tris-glycine buffer. Proteins were stained with Coomassie
Brilliant Blue R-250. Phosphorylase B (105 kDa), bovine serum
albumin (82 kDa), ovalbumin (49 kDa), carbonic anhydrase (33.3
kDa), and soybean trypsin inhibitor (28.6 kDa) were used as stan-
dards for molecular mass determination. Lane 1, standard proteins;
molecular masses are indicated. Lane 2, recombinant sialyltransfer-
ase.

(Table I).
Purification of Recombinant Sialyltransferase 0160—

Recombinant sialyltransferase 0160 was purified from the
cells of E. coli MV1184 carrying PEBSTzJ178 via the
procedures described in "MATERIALS AND METHODS." The
purified recombinant enzyme migrated as a single polypep-
tide with a molecular mass of 54 kDa under denaturing
conditions (Fig. 6). The specific activity of purified recom-
binant sialyltransferase 0160 was 7.0 U/mg.

Using pyridylaminated lactose as an acceptor substrate,
the enzymatic reaction was carried out and reaction prod-
ucts were analyzed by HPLC. The retention time of
pyridylaminated lactose was 5.2 min. The retention time of
the reaction product using sialyltransferase 0160 purified
from P. damsela JT0160 was 6.0 min and that of the
product using recombinant sialyltransferase 0160 was also
6.0 min. These results indicated that recombinant sialyl-
transferase 0160 transfers NeuAc from CMP-NeuAc to the
galactose residue of lactose at position 6.

DISCUSSION

In order to clarify the primary structure of sialyltransfer-
ase 0160, we have cloned, sequenced and expressed in E.
coli the gene coding for sialyltransferase 0160 (bst) from a
genomic DNA of P. damsela JT0160.

In 1987, Weinstein et al. first cloned a cDNA encoding a
Gal/Jl, 4GlcNAc a2,6-sialyltransferase using polyclonal
antibodies raised against the purified enzyme (33). Up to
present, 12 sialyltransferase genes have been cloned.
Comparison of their primary amino acid sequences has
revealed two conserved regions, named "sialyl motif L" and
"sialyl motif S," in the catalytic domain (34). The "sialyl
motif L" has been demonstrated to be involved in binding
of the common donor substrate of sialyltransferase, CMP-
NeuAc (16). On the other hand, the bacterial a2,3-sialyl-
transferase genes from Neisseria meningitidis and Neis-
seria gonorrhoeae were cloned and expressed in E. coli. The
genes encoding bacterial a2,3-sialyltransferases showed no
similarity to those of mammalian sialyltransferases (35).
The results of homology search showed that our sialyltrans-
ferase 0160 has no homologous regions to the cloned

sialyltransferases, even though sialyltransferase 0160
shares some features of donor substrate and acceptor
substrate specificity. These results indicated that sialyl-
transferase 0160 may have acquired its activity through an
evolutionary process different from that of the mammalian
and N. meningitidis and N. gonorrhoeae enzymes.

The structure of sialyltransferase 0160 seems to be quite
different from those of known sialyltransferases. The
deduced primary sequences of the cloned sialyltransferases
predicted a short NH2-terminal cytoplasmic domain, a
signal-membrane anchor domain, a stem region, and a large
catalytic domain on the COOH-terminal side of the mature
proteins. However, sialyltransferase 0160 seems to bind to
the membrane through a -helix structures at COOH-termi-
nal regions, like pyruvate oxidase purified from E. coli
(36). Soluble-form COOH-terminal deletion mutants were
obtained (E. coli. MV1184 carrying pEBSTzJ137 and
pEBSTzJ178, Table I). From these results, it was predicted
that (1) the catalytic domain of sialyltransferase 0160 may
lie in the NH2-terminal side of the protein, (2) <?-helix
structures which may be formed in the COOH-terminal
regions of the enzyme seem to be involved in membrane
binding.

The primary translation product of the bst gene between
the initiation and termination codons is predicted to be
composed of 675 amino acid residues with a calculated
weight of 76.5 kDa. The purified sialyltransferase 0160
from P. damsela JT0160 has an NH2-terminal amino acid
sequence identical to the sequence from the 16th to 31st
amino acids of the primary translation product of the bst
gene. The first 15 amino acid residues constitute a hydro-
phobic region that probably acts as a signal peptide.
Therefore, the mature enzyme is composed of 660 amino
acid residues with a calculated weight of 74.8 kDa. How-
ever, the purified enzyme from P. damsela JT0160 showed
a molecular weight of 61 kDa on SDS-PAGE analysis and
64 kDa on gel-filtration chromatography (17). Thus, the
mature enzyme may be formed by processing at the NH2-
and/or COOH-terminal ends. On the assumption that
processing at the COOH-terminal side occurred at the end
of the a-helix structures, the predicted mature enzyme
would be composed of 573 amino acid residues with a
calculated weight of 64.5 kDa. This calculated weight is
consistent with the values obtained by SDS-PAGE and
gel-filtration chromatography. Analysis of the COOH-ter-
minal amino acid sequence of sialyltransferase 0160 is in
progress.

P. damsela JT0160 is Gram-negative bacterium, and
there is a candidate signal peptide in the NH2- terminal
region of the deduced amino acid sequence of sialyltrans-
ferase 0160. Thus, sialyltransferase 0160 may be trans-
located across the cytoplasmic membrane to the periplasm.
It may be involved in the biosynthesis of glycoproteins
which contain sialic acid. An outer membrane protein
thought to be essential as an acceptor substrate of
sialyltransferase 0160 has been obtained from P. damsela
JT0160 (data not shown). Further investigation of this
outer membrane protein is in progress.

The 2.8-kbp fragment, derived from ifmdIII digestion of
genomic DNA of P. damsela JT0160, which contained the
bst gene, was not obtained using pUC19 as the host
plasmid. The bst gene could be obtained only by using
plasmid that containing the laclq gene as the host plasmid.
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This indicates that bst gene is fatal to E. coli.
The expression level of the recombinant gene was not

optimized, but the levels of soluble-form enzyme activities
we have produced are approximately 40 units/liter
(pEBSTJ137) and 120 units/liter (pEBSTzJ178) of culture
(Table I). On the other hand, mammalian Gal/Jl, 4GlcNAc
<?2,6-sialyltransferase expressed in E. coli was found to
accumulate in an insoluble form, and soluble enzyme was
obtained by denaturation/renaturation steps (38). More-
over, the specific activity of purified recombinant sialyl-
transferase 0160 is slightly higher than that of the authen-
tic enzyme. Thus, expression plasmid pEBST is a superior
expression plasmid for production of <ar2,6-sialyltrans-
ferase.

It is now possible to produce soluble-form ar2,6-sialyl-
transferase on a large scale. This should be valuable for
large-scale enzymatic synthesis of <ar2,6-sialylated oligosac-
charides.
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