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To supply o2,6-sialyltransferase for the large-scale syn-
thesis of sialoside, we investigated culture conditions for
the production of sialyltransferase 0160.

The addition of galactose and beef extract, and control
of the pH of the culture medium were effective on the
production of sialyltransferase 0160. The maximal enzyme
productivity reached 550 units/L.

Using a crude extract of Photobacterium damsela
JT0160 cells as an enzyme source, enzymatic syntheses
were performed with mono- and di-saccharides as the sialyl
acceptors. It was clarified that a crude extract of P. damse-
la JT0160 cells can be used as an synthetic catalyst for the
enzymatic synthesis of sialyloligosaccharides. Further-
more, the enzyme assay showed that sialyltransferase 0160
could transfer NeuAc to not only N-linked but also O-
linked carbohydrate chains.

These results indicated that an abundant supply of
sialyltransferase 0160 and its broad specificity make possi-
ble the synthesis of sialoside on a large scale.

Key words: bacterial o2,6-sialyltransferase; mass produc-
tion; enzymatic synthesis; Photobacterium
damsela

Sialic acids exist in a variety of mammalian
glycoproteins and glycolipids, and are usually attached
at the terminals of oligosaccharide chains.” Recent stu-
dies concerned with glycobiology showed that sialic
acids are important in a variety of biological and physio-
logical events.>® To clarify their role, many kinds of
sialyloligosaccharide have been synthesized by chemical
methods and enzymatic methods. A highly efficient sialy-
lation method has been developed in recent studies.*'?
However, the chemical formation of «-sialoside has
been the most difficult glycosylation reaction to
produce. For this reaction, enzymatic synthesis of
sialyloligosaccharide using sialyltransferase has an ad-
vantage compared to chemical synthesis.

In general, bacterial enzymes are stable and are more
productive compared to mammalian enzymes. There-
fore, we screened for a bacterium which produces
sialyltransferase and isolated a new f-galactoside o2,6-
sialyltransferase (sialyltransferase 0160) from Photobac-
terium damsela JT0160.'Y

The sialyltransferase 0160 had a unique acceptor
specificity compared with that of mammalian sialyltran-
sferases. For example, mammalian enzymes did not
transfer NeuAc to lactose, but, sialyltransferase 0160
recognizes lactose as an acceptor.!? Further, sialyltran-
sferase 0160 could transfer NeuAc to 2’-fucosyllactose
and 3’-sialyllactose with high efficiency.!?

Sialyl-Tn antigen is known to be a cancer associated
antigen in epithelial cell cancers such as colon cancer'
and is a glycoprotein that contains O-linked carbohy-
drate chains. In order to investigate the mechanism of
malignant alteration and the antigenecity of the carbohy-
drate moiety of glycoprotein, a large amount of
glycoprotein is needed. For this purpose, sialyltran-
sferase has an advantage. We have reported that
sialyltransferase 0160 could transfer NeuAc to N-acetyl-
galactosamine. So, it was suggested that an abundant
supply of pure sialyltransferase 0160 would make it pos-
sible to synthesize target glycoproteins. Therefore, en-
zymatic syntheses were done using a crude enzyme to
confirm the structure of products found when using
mono- and di-saccharides as the sialyl acceptors. Fur-
thermore, the enzymatic sialylation ability of this en-
zyme for glycoproteins was examined.

In this paper, we report on (i) the culture conditions
for production of sialyltransferase 0160 from P. damse-
la JT0160; (ii) the synthesis of sialyloligosaccharides us-
ing a crude extract of P. damsela JT0160 cells as the en-
zyme source.; and (iii) the specificity of sialyltransferase
0160 for glycoproteins.

Materials and Methods

Materials. CMP-[4,5,6,7,8,9-1*C]-NeuAc was pur-
chased from Du Pont; CMP-NeuAc, asialo-fetuin,
asialo-bovine  submaxillary  mucin, al acid-
glycoprotein, and methyl-8-D-galactopyranoside were
obtained from Sigma; asialo-a1 acid glycoprotein was
prepared by mild acid hydrolysis (0.05 M sulfuric acid, 1
h, 80°C) of the «l-acid glycoprotein; lactose was from
Kanto Chemicals; colominic acid and N-acetylgalactosa-
mine were from Nakarai Tesque; 6’-sialyllactose was
from Oxford Glycosystems; marine broth 2216, pro-
teose peptone, soytone, casamino acids, tryptone, yeast
extract, and beef extract were from Difco Laboratories;
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nutrient broth was from Oxoid; Polypeptone Y was
from Nippon Seiyaku; Clear-sol 1 (scintillation cocktail)
was from Nakarai Tesque and all other reagents were of
analytical grade and commercially available. Neuramini-
dase was from Seikagaku Kogyo; Sephadex G-50 was
from Pharmacia; Dowex 1 X 8 was from Dow Chemical
Co.; radioactivity was measured using a Packard model
TR 1900 liquid scintillation counter. Proton NMR spec-
tra were obtained using a Bruker AMS500 spectrometer.

Bacterial strain and cultivation. A strain of P. damse-
la JT0160 was isolated from seawater from Sagami Bay,
Kanagawa, Japan.'? Artificial seawater was used for
preparation of the media, except for the marine broth
2216 and the nutrient broth. The pre-culture was pre-
pared as follows: 0.5 ml of glycerol solution (40%, v/v)
in which the P. damsela JT0160 was stored, was inocu-
lated into 100 ml of marine broth 2216 medium in a 500-
ml flask, and cultivated at 30°C for 8 h on a rotary shak-
er at 150 rpm. This seed culture was transferred to 1 L
of medium in a 3-L flask or 3 L of medium in a 5-L jar
fermentor, at the ratio of 1%. Unless otherwise stated,
the culture temperature was kept constant at 30°C and
the cultivation continued for 8 h. For the jar culture, the
fermentor was agitated at 600 rpm and aerated at a rate
of 1.5 L/min.

Preparation of the crude extract and purification of
sialyltransferase 0160. P. damsela JT0160 cells were har-
vested by centrifugation (6,000 X g, 20 min) from the cul-
ture medium. The cells were suspended in 20 mm sodi-
um cacodylate buffer (pH 6.0) containing 0.2% Triton
X-100 and 1 M NaCl, and were sonicated until absor-
bance at 660 nm became 30% of that of the cell suspen-
sions. The sonicated solution was centrifuged (100,
500 X g, 60 min) and the obtained supernatant was dia-
lyzed in a cellulose tube against 20 mm sodium cacody-
late buffer (pH 6.0) containing 0.2% Triton X-100. Af-
ter dialysis, precipitation was removed by centrifugation
(100, 500 X g, 60 min) to obtain a clarified extract. This
solution was used as the crude extract of P. damsela
JT0160.

The purification of sialyltransferase 0160 was done as
described previously.!?

Standard sialyltransferase assay. Sialyltransferase ac-
tivity was measured as described previously.!” One unit
(U) is defined as the amount that transferred 1 gumole of
NeuAc per min to the lactose.

Syntheses of sialyloligosaccharides using a crude ex-
tract of P. damsela JT0160. The enzymatic syntheses
were done using N-acetylgalactosamine, methyl-g-D-
galactopyranoside, and lactose as acceptor substrates.
The reaction mixture was composed of each acceptor
substrate (30 umol), CMP-NeuAc (16 umol, 9.6 mg),
and 100 mU of crude extracts of P. damsela JT0160 in
0.5 ml of 20 mM sodium cacodylate buffer (pH 5.0) con-
taining 0.02% Triton X-100. Each reaction mixture was
incubated at 30°C for 4 h. The products were purified as
follows: after the reaction, each reaction mixture was

diluted with 10 ml of distilled water and put on separate
columns (1.5 X9 cm) of a Dowex 1 X 8 (phosphate form,
200-400 mesh). The columns were washed with distilled
water, and then the product was eluted with 5 mm of so-
dium phosphate buffer (pH 6.8; total volume 60 ml).
The fractions containing glycosidic NeuAc were pooled
and evaporated to dry residues. Each dried residue was
dissolved in 5ml of solvent A (AcOEt:MeOH:H,O
=3:2:1), and then put on columns (1.5 X 6.8 cm) of sili-
ca gel. The product was eluted with solvent A. The frac-
tions found to contain glycosidic NeuAc were pooled
and evaporated to dry residues. The purified products
were analyzed by 'H-NMR spectroscopy.

Sialyltransferase assay for glycoprotein. Sialyltran-
sferase activity with glycoprotein was assayed by measur-
ing transferred [4,5,6,7,8,9-'*C]-NeuAc from CMP-
[4,5,6,7,8,9-1C]-NeuAc to glycoprotein as an acceptor
substrate. The reaction mixture contained the following
components: 70 nmol of CMP-[4,5,6,7,8,9-"“C]-NeuAc
(642 cpm/nmol), 2 mg of asialo-glycoprotein and en-
zyme solution in 0.1 ml of 20 mM sodium cacodylate
buffer (pH 5.0) containing 0.02% Triton X-100. The en-
zyme reaction was done at 30°C. All assays were done in
duplicate. After the reaction, the reaction mixture was
put on a column of a Sephadex G-50 (super fine,
0.8 x 14 cm) equilibrated with 0.1 M NaCl, and eluted
with 0.1 M NaCl. All the sialylated product was eluted in
a 2-4 ml fraction of this column. The fraction (2 ml)
was collected directly into a scintillation vial for count-
ing. The amount of NeuAc transferred to the acceptor
was calculated.

Neuraminidase digestion of the sialylated-
glycoprotein by sialyltransferase 0160 was done. The
fraction that contained the sialylated glycoprotein (con-
taining “C-labeled NeuAc) obtained by the method de-
scribed above was collected and dialyzed, using a cellu-
lose tube, against 20 mM sodium cacodylate buffer (pH
5.5). After dialysis, the fraction was concentrated to
100 ul by ultrafiltration using Molecut L (Millipore, ex-
clusion molecular mass 10 kDa). Then, neuraminidase
(50 mU) was added to the concentrated fraction and the
solution was incubated at 37°C for 5 h. After the reac-
tion, the reaction mixture was put on a column of a
Sephadex G-50 and eluted with 0.1 M NaCl. The frac-
tion which contained glycoprotein was collected directly
into a scintillation vial for counting.

Other assays. Neuraminidase activity of the crude ex-
tract was assayed using colominic acid and 6’-sialyllac-
tose as the substrates.!” The sialic acid released was
measured using the thiobarbituric acid assay (TBA
assay) method described by Aminoff."® The growth of
cells was measured by measuring the optical density at
660 nm.

Results

Culture conditions for the production of sialyltran-
sferase 0160

First, the optimum temperature and pH of the culture
medium for cultivation of P. damsela JT0160 were ex-
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amined using marine broth 2216 as the culture medium.
The optimum temperature and pH of the culture medi-
um were 30°C and pH 8, respectively. Second, the
relationship between cell concentration in a culture medi-
um and the productivity of sialyltransferase 0160 was ex-
amined using marine broth 2216 and nutrient broth (con-
taining 3.0% NaCl) as the culture media. As a result, it
was found that the productivity of sialyltransferase 0160
depended on the cell concentration in the culture medi-
um. Then, the effects of various organic compounds on
the production of sialyltransferase 0160 were examined.
As shown in Table I and Fig. 1, the addition of galac-
tose and beef extract were effective. The addition of
yeast extract (0.1%, W/V) was indispensable for effec-
tive growth of P. damsela JT0160.

Composition of the optimum medium

To examine the effects of the composition of the medi-
um on sialyltransferase 0160 production, several types
of media were prepared by varying the amounts of poly-
peptone Y, yeast extract, beef extract, and galactose.
The pH of the culture media were all adjusted to 8.
These examinations were done in a 3-L flask. All of the
prepared media contained 100 mM tricine to maintain
the pH of the media. These results are also shown in Ta-

Table I. Effects of Various Peptones on Growth of P. damsela
JT0160

Ratio of maximum

Nitrogen sources cell concentration

(relative)
Marine broth 2216 (control) 1.00
Polypeptone Y 2.16
Proteose peptone 1.15
Soytone 1.23
Casamino acids 2.55
Tryptone 1.60
Polypeptone Y + Beef extract 3.55
Casamino acids+ Beef extract 3.51

Basal medium consisted of 0.1% yeast extract in artificial seawater. The pep-
tones (0.5%, w/v) and beef extract (0.3%, w/v) were added.

Marine Broth

+glycerol 2%

+mannose 1%

+lactose 1%

+glucose 1%

+galactose 1%

+sorbitol 1%

+fructose 1%

The ratio of maximum cell concentration
(relative)

Fig. 1. Effects of Various Saccharides on Growth of P. damsela
JT0160.
Marine broth 2216 was used as basal medium. The amount of sac-
charides added are indicated.

Table II. Culture Media for the Production of Sialyltransferase 0160

Amount (g/L)

Medium Activity
Name Polypeptone Y Yeast ext. Beef ext. galactose /L)
PYBI/2G S 1 3 5 110
PYBG 5 1 3 10 200
PYB2G 5 1 3 20 280
2PYBG 10 2 6 20 400
3PYBG 15 3 9 30 550

ble II. The optimum medium for sialyltransferase 0160
production was judged to be the 3PYBG medium. In a
3-L flask culture with 3PYBG medium, the sialyltran-
sferase activity of the culture medium was found to be
550 units/L. The same result was obtained in the jar cul-
ture using 3PYBG medium without the addition of tri-
cine to the medium.

Purification of sialyitransferase 0160

Purification of sialyltransferase 0160 was done using
the cells obtained from 2 L of 3PYBG medium. The
total enzyme amount of the crude extract was about
1,100 units. The enzyme was purified 750-fold, with a
yield of 18%. The purified enzyme migrated as a single
polypeptide with a molecular mass of 61 kDa under
denaturing conditions (data not shown). The specific ac-
tivity of the purified enzyme was 6.8 U/mg.

Syntheses of sialyloligosaccharides using a crude ex-
tract of P. damsela JT0160

Neuraminidase activity was not observed in the crude
extract. Using crude extract as the enzyme source, the en-
zymatic syntheses were done. The products were isolat-
ed and analyzed by '"H-NMR spectroscopy (in D,O, 298
K). The product formed with N-acetylgalactosamine as
the acceptor turned out to be NeuAca2-6GalNAc and
4.6 mg of product (1, 9.0 umol, yield 56.2%) was ob-
tained. The structural reporter group signals were as fol-
lows: ¢ 5.22 (d, 0.5 H, J=3.7 Hz, GalNAc o« H-1), ¢
4.63 (d, 0.5 H, J=8.4 Hz, GalNAc 8 H-1), J 2.74 (dd,
0.5 H, J=4.6 Hz, 12.5 Hz, NeuAc H-3 eq), J 2.73 (dd,
0.5 H, J=4.6 Hz, 12.4 Hz, NeuAc H-3 eq), J 2.05, 2.04
(each 3 H, Ac), 6 1.71 (dd, 0.5 H, J=12.2 Hz, 12.2 Hz,
NeuAc H-3 ax), § 1.70 (dd, 0.5 H, J=12.1 Hz, 12.1 Hz,
NeuAc H-3 ax). The product formed with methyl--D-
galactopyranoside as the acceptor turned out to be Neu-
Aca2,6Gal-OMe, and 5.0 mg of product (2, 10.4 ymol,
yield 65.0%) was obtained. The structual reporter group
signals were as follows: 6 4.31 (d, 1 H, J=7.94 Hz, Gal
H-1), 6 3.57 (s, 3 H, OMe), 6 3.49 (dd, 1 H, J=8.0 Hz,
9.9 Hz, Gal H-2), 6 2.73 (dd, 1 H, J=4.68 Hz, 12.5 Hz,
NeuAc H-3 eq), J 2.04 (s, 3 H, Ac), 6 1.70 (dd, 1 H,
J=12.2Hz, 12.2 Hz, NeuAc H-3 ax). The product
formed with lactose as the acceptor turned out to be
NeuAca2-6GalB1-4Glc, and 6.4 mg of product (3, 10.2
umol, yield 63.6%) was obtained. The structual report-
er group signals were as follows: d 5.21 (d, 0.4 H,
J=3.5Hz, Glc « H-1), § 4.66 (d, 0.6 H, J=8.0 Hz, Glc
pH-1),64.42 (d, 1 H, J=7.8 Hz, Gal H-1), J 3.30 (dd,
0.6 H, J=8.4 Hz, 8.4 Hz, Glc g H-2),  2.70 (dd, 1 H,
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Table III. Acceptor Specificity of Sialyltransferase 0160 for
Glycoproteins

Transferred NeuAc (nmol)

Acceptor
Reaction time 5 min 60 min
Asialo-fetuin 3.3 11.2
Asialo-al acid-glycoprotein 3.1 10.9
Asialo-bovine submaxillary mucin 0.9 3.5

Transfened NeuAc (nmol) represents the amount of transferred NeuAc to 2
mg of acceptor.

J=4.5 Hz, 12.35 Hz, NeuAc H-3 eq), 6 2.02 (s, 3 H, Ac),
0 1.73 (dd, 1 H, J=12.3 Hz, 12.3 Hz, NeuAc H-3 ax).
The 'H-NMR spectrum of each product showed good
agreement with those of reported NeuAca2-6GalNAc,'®
NeuAca2-6Gal-OMe,'” and NeuAca2-6Galf1-4Glc,'™®
respectively.

Acceptor specificity for glycoproteins

Using the purified sialyltransferase 0160, enzyme as-
says were done with glycoproteins as acceptors for 5 min
and 1 h. The results showed that sialyltransferase 0160
transferred NeuAc from CMP-NeuAc to asialo-fetuin,
asialo-a1 acid-glycoprotein, and asialo-bovine submaxil-
lary mucin (Table III). It may be possible to increase the
amount of transferred NeuAc by extension of the reac-
tion time.

To confirm the formation of glycosidic NeuAc on
glycoproteins, neuraminidase digestion of the sialyl-
ated-glycoproteins by sialyltransferase 0160 was done.
No radioactivity was observed in the gel-filtration frac-
tion that contained neuraminidase-treated glycoprotein.
These results indicated that the glycosidic NeuAc on
glycoproteins was formed by sialyltransferase 0160.

Discussion

As reported previously,'” production of sialyltran-
sferase 0160 was limited to 20 units per 1 L of culture
broth before this study. To improve this low enzyme
productivity, we investigated the culture conditions for

production of sialyltransferase 0160. The maximum en-
zyme productivity reached 550 U/L in the culture medi-
um, which corresponds to 27.5 times higher yield than
that before the optimization. Mass production of
sialyltransferase 0160 by flask culture has a great advan-
tage in the synthesis of sialyloligosaccharides, because
the culture of P. damsela JT0160 under optimum condi-
tions can be done by a simple procedure and a large
amount of enzyme can be obtained. From an optimized
culture medium, purified sialyltransferase 0160 was ob-
tained with a yield of 18% by the simple method report-
ed previously.!V

It is clearly demonstrated in this study that a crude ex-
tract of P. damsela JT0160 cells can be used as a synthet-
ic catalyst for the enzymatic synthesis of sialyloligosac-
charides. Using 0.1 U of the crude enzyme, 4.6 mg of
NeuAca2-6GalNAc, 5.0mg of NeuAca2-6Gal-OMe,
and 6.4 mg of NeuAca2-6Galf1-4Glc were obtained un-
der the conditions described above. The conditions for
the synthesis of sialyloligosaccharide was not optimized.
So, it may be possible to increase the yield by extension
of the reaction time. Gram scale synthesis of
sialyloligosaccharide may be possible with crude enzyme
prepared from 1 L of culture broth by this simple and
convenient method. Moreover, it was found that
sialyltransferase 0160 can act as GalNAc«2,6-sialyltran-
sferase. Up to the present, three types of GalNAc «2,6-
sialyltransferases have been reported.!®2?" All of these
GalNAc «2,6-sialyltransferases transfer NeuAc through
the o2,6-linkage onto a GalNAc residue, which is O-
glycosidically linked to Ser/Thr of glycoproteins. It was
suggested that these enzymes recognize the protein
moiety of glycoproteins as acceptors. So, these enzymes
cannot transfer NeuAc to free GalNAc. However,
sialyltransferase 0160 can transfer NeuAc through the
o2,6-linkage onto free GalNAc. This result indicated
that sialyltransferase 0160 is the only sialyltransferase
that can make oligosaccharide which contains the NeuA-
ca2,6-GalNAc structure.

The acceptor specificity of sialyltransferase 0160 for
glycoprotein was unique compared with that of mam-
malian sialyltransferases. It was find that sialyltran-
sferase 0160 could transfer NeuAc to not only N-linked
but also O-linked carbohydrate chains. These results in-
dicate that sialyltransferase 0160 may be useful in the
preparation of sialyl Tn antigen and its analogues enzy-
matically for investigating the mechanism of malignant
alteration and the antigenecity of the carbohydrate moie-
ty of glycoprotein. Futhermore, these results showed the
possibility that sialyltransferase 0160 can modify both
N-linked and O-linked type carbohydrate chains of
glycoproteins to confer additional functions.

Mass production of sialyltransferase 0160 and the
broad specificity of sialyltransferase 0160 for acceptor
substrates make possible the enzymatic and/or
chemoenzymatic synthesis of sialoside that previously
could not be synthesized on a large scale using mam-
malian o2,6-sialyltransferase.
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