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Abstract: The a2,6-sialyltransferase from Photobac-
terium damsela was applied for the enzymatic sialyla-
tion of the TN glycopeptide (APGSTA) with GalNAc
a-linked to either the serine or threonine residue in
the sequence. The enzyme preparation and reaction
conditions were optimized prior to the application.
In contrast to the mammalian sialyltransferases
which recognize the moiety of GalNAca(1,1)Thr
only, this bacterial enzyme can accept GalNA-
ca(1,1)Thr as well as GalNAca(1,1)Ser. Our study
also introduced a 4-dimethylaminoazobenzene-4’-
sulfonyl (dabsyl) chromophore to the N-terminus
of the peptide backbone, which is suitable for glyco-
conjugate substrates without affecting the binding af-
finity
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Mucins are glycoproteins with oligosaccharide chains
O-glycosidically linked to serine or threonine. Aberrant
glycosylation of mucins has been observed during malig-
nant transformation.[1] Carcinoma-associated mucins
usually carry deviant or truncated carbohydrate side-
chains as a result of incomplete assembly of the normal
cell surface structures.[2] The abnormal sugar epitopes
can be recognized by the immune system[3] and thus be-
come targets of great therapeutic value.[4] Such prema-
ture synthesis of glycoconjugates in the cell membrane
often leads to an exposure of core structures that would
remain cryptic in normal cells due to further elongation.
TN [GalNAca(1–1)Ser/Thr]- and T [Gala(1–3)GalNAc-

a(1 – 1)Ser/Thr]-antigens represent the most common
core carbohydrates.[5] Sialylation of these O-antigens ex-
ists at low levels in normal tissues, but are highly in-
volved in a number of human malignancies, such as ova-
ry, stomach, lung, colon, breast, and pancreas adenocar-
cinomas.[2a,6] Expression of sialyl TN (STN) has been
linked to poor prognosis in cancer patients,[7] suggesting
that the epitope may play an important role in metastat-
ic cascades.[8] As one of the targets for active specific im-
munotherapy, STN antigen has been developed as the
cancer vaccine by Biomira Inc., namely Theratope� vac-
cine.[9]

Despite the clinical significance of sialylated glyco-
peptides, their preparation still remains a great chal-
lenge and thus hampers further investigations. Chemical
glycosylation of sialic acids[10] is often restricted to low
yield and unsatisfactory stereoselectivity, in addition
to tedious but necessary protection and deprotection
steps.[11] Although enzymatic methods are able to avoid
the aforementioned problems, the ultimate disadvant-
age arises from the availability of appropriate enzymes
and high substrate specificity.[11] Most sialyltransferases
are mammalian proteins. Among more than 20 mamma-
lian sialyltransferases genes that have been cloned and
characterized so far, only four sialyltransferases were
found to exhibit GalNAc a2,6-sialyltransferase activity,
including ST6GalNAc I�IV.[12] ST6GalNAc I and II
have been shown to be a candidate as a sialyl TN synthase
for the expression of sialyl TN antigens in native tis-
sues.[13,14] Because mammalian sialyltransferases are
membrane proteins that are usually obtained with diffi-
culty owing to low solubility, the enzymes from bacterial
sources may serve as the other alternative on account of
their easy preparation in large quantity and relatively
high activity.
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Several enzymes have been studied to catalyze the for-
mation of the a2,6-sialyl glycosidic linkage and the syn-
thesis of various sialylated glycoconjugates. The enzy-
matic synthesis of the sialyl TN glycopeptide was initially
established by Kihlberg et al. on the basis of a recombi-
nant mouse ST6GalNAc I.[15] A successful high-yield ex-
pression of a chicken ST6GalNAc I and corresponding
application for the synthesis of sialyl Tand sialyl TN anti-
gens were achieved by Paulson and co-workers.[16] Here-
in we report the sialylation of TN glycopeptide by using
a2,6-sialyltransferase from Photobacterium damsela.

The sialyltransferase gene from Photobacterium dam-
sela, previously reported by Yamamoto et al., contained
an open reading frame of 2028 base pairs encoding 676
amino acids.[17] It was found by the same group that a de-
letion of the C-terminal 178 amino acids led to signifi-
cant improvements of enzyme solubility and activity.[18]

Nevertheless, whether the deletion of the C-terminal
domain causes any change of the reaction optimum

(e.g., pH, temperature, and substrate specificity) has
not been investigated previously.

The truncated enzyme corresponding to the amino
acid residues from Met1 to Asp498 was cloned and over-
expressed in E. coli. The deletion was formerly designed
to eliminate the membrane binding as the C-terminus
was suggested to play a role in such an interaction.[18]

However, most of the protein still existed in an insoluble
form after cell lysis in our hands. A modified procedure
was thus carried out to greatly improve the protein sol-
ubility, including the precipitation with 4% polyethy-
lene glycol and subsequent extraction with 2% Triton
X-100.[19,20] The treatment produced a soluble form of
the protein and afforded over 30% recovery of activity
in the cell lysate. After purification steps by Q-Sephar-
ose ion exchange and hydroxyapatite chromatography,
SDS-PAGE analysis indicated that the enzyme of mo-
lecular mass 51 kDa has an apparent homogeneity
greater than 90%. The activity assay was carried out

Scheme 1. Procedure to prepare sialyl TN glycopeptides. The hexapeptide APGSTA with NeuAc(a2,6)GalNAc attached to Ser
(1) is shown as an example. The bottom three molecules (1 – 3) were used as the substrates for the enzymatic sialylation.

COMMUNICATIONS Chin-Fen Teo et al.

968 � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 967– 972



by using HPLC,[21] the result of which was in agreement
with the measurement by high-performance anion ex-
change chromatography (HPAEC). Some interesting
features were disclosed as follows. The optimal pH was
found to be 6.0 for the truncated protein, in contrast to
pH 5.0 previously reported for the full-length form.
The presence of a divalent metal ion is not essential to
the enzyme catalysis as the addition of EDTA
(10 mM) did not abolish the reaction. The rate of catal-
ysis could be stimulated 2 – 3-fold by the presence of
Mg2þ , Mn2þ, Ca2þ or Co2þ , but not Zn2þ, similar to
the observation reported by Wakarchuk et al.[20] More-
over, the addition of Triton-X 100 was necessary for
the enzyme preparation and activity, but the percentage
of the detergent does not significantly affect the enzyme
activity.

To apply this bacterial enzyme for the synthesis of sial-
yl TN glycopeptide, three glycosyl hexapeptides APG-
STA (1– 3, as shown in Scheme 1) with GalNAc a-
linked to serine or/and threonine, were derived from
MUC1 tandem-repeat core (PDTRPAPGSTAP-
PAHGVTSA). MUC1 mucin is a large transmembrane
glycoprotein, of which the extracellular domain is
densely glycosylated. As one of the normally cryptic car-
bohydrates, the STN epitope is exposed owing to abnor-
mal and incomplete glycosylation as previously describ-
ed.[22] An in vitro glycosylation study indicated the three
possible glycosylation sites (underlined residues) in as-
sociation with human tumor cell lines.[22a] For the pur-
pose of sensitive detection, a 4-dimethylaminoazoben-
zene-4’-sulfonyl residue (dabsyl, e¼33,000 cm�1M�1

at 480 nm) was attached to N-terminus of these glyco-
peptides as a chromogenic tag.

Solid-phase peptide synthesis was applied to prepare
the three TN glycopeptides 1 – 3,[23] including two mono-
valent TN and one divalent TN (Scheme 1), for the subse-
quent sialylation catalyzed by P. damsela a2,6-sialyl-
transferase. Pyridylaminated (PA)-lactose (a commonly
used fluorogenic substrate) and lactose (the natural sub-
strate) were also subjected to the enzymatic sialylation
for a comparison. Table 1 lists their relative rates, indi-
cating that compounds 1 – 3 and PA-lactose exhibit sim-
ilar reaction rates though at about 1/10 level of lactose.
In accordance with the previous study,[17] the enzyme
showed comparable preference for either Gal or Gal-
NAc. The presence of additional sugar residue enhanced
the sialylation (lactose vs. PA-lactose). The enzyme had
similar access to the serine and threonine in the se-
quence (1 vs. 2). The result is distinct from the studies
of the chicken and mouse enzymes (ST6GalNAc I)
that prefer threonine only.

The synthesis of three STN glycopeptides was carried
out, the products of which were confirmed by ESI-MS
analysis (Figure 1). When the bacterial enzyme was
used for the sialylation of the divalent TN hexapeptide
3 (MW: 1195.2), the resulting mass spectrometric analy-
sis exhibited the molecular ion (MW: 1485.4) corre-

sponding to the addition of single sialic acid [1195.2þ
309.3 (NeuAc) �18 (H2O)¼1486.5]. The fragment
peak of MW 1264.4 was contributed by the loss of Gal-
NAc (MW: 211) because the product has one GalNAc
residue exposed owing to incomplete sialylation. We
propose that the enzymatic sialylation can occur at ei-
ther Ser or Thr, as shown by the similar relative rates
of glycopeptides 1 and 2. Probably the second sialylation
was prohibited by the steric hindrance, i.e., the proxim-
ity in space caused by the two neighboring glycosylation
sites.

In summary, this report demonstrates the synthesis of
sialyl TN glycopeptide by the sialylation with a bacterial
sialyltransferase. The same enzyme was recently used
for the production of NeuAca(2,6)GalNAc that did
not contain any peptide or amino acid.[24] The enzyme
recognizes both the epitopes GalNAca(1,1)Thr and
GalNAca(1,1)Ser, offering an advantage which cannot
be carried out by mammalian enzymes. Furthermore, al-
though glycosyltransferase assays usually rely on the use
of chromophore- or fluorophore-containing substrates
for higher sensitivity, most studies incorporate such a
group to either the sugar donor (e.g., CMP-9-fluores-
ceinyl-NeuAc)[25] or sugar acceptor�s reducing end
(e.g., pyridylaminated sugar). Both methods inevitably
change the structure and thus reduce the affinity with
enzyme (i.e., increase Km). The latter procedure takes
advantage of the aldehyde at the reducing end for mod-
ification so that it is often not compatible to the study of
glycoconjugate substrates. Our method thus provides an
alternative solution by adding a chromophore to the
peptide terminus. Further investigation to prepare other
sialylated tumor-associated antigens is currently in
progress.

Experimental Section

Enzyme Cloning, Overexpression, and Purification

The DNA corresponding to the protein sequence from Met1 to
Asp498 was amplified from P. damsela genomic DNA by using

Table 1. Substrate specificity of the a2.6-sialyltransferase
from P. damsela.[a]

Substrate Activity [nmol/mg] Relative rates [%]

Lactose 488.59 100.0
PA-lactose 43.35 8.9
TN-Ser (1) 42.70 8.7
TN-Thr (2) 59.30 12.1
(TN )2-Ser,Thr (3) 54.72 11.2

[a] All the reactions were carried out at 30 8C for 3 h and in-
itiated by the addition of 20 mg of the enzyme to the mix-
ture containing 80 mM sodium cacodylate buffer (pH 6.0),
0.5 mM substrate, 2.5 mM CMP-NeuAc, 10 mM CaCl2 and
0.2% Triton X-100.
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Figure 1. ESI-MS of the sialylation products of TN glycopeptides 2 (above) and 3 (below).
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two primers, 5’-GTGCT TATCA TGAAG AAAAT ACTGA
CAG-3’ (sense) and 5’-CTTTC TCGAG AGCCC AGAAC
AGAAC ATC-3’ (anti-sense), to incorporate BspHI and
XhoI sites (underlined), respectively. The PCR product was di-
gested with the desired restricted enzymes and ligated with the
vector pET-15b that had been treated with the enzymes NcoI
and XhoI. The resulting plasmid was then subcloned to the vec-
tor pET-21b between the sites of XbaI and XhoI to give the
plasmid pET21-phoST that was further transformed into E.
coli NovaBlue (DE3) for overexpression. The clone harboring
pET21-phoSTwas cultured in LB broth containing 100 mg/mL
ampicillin at 25 8C for 36 h and subcultured to 500 mL of the
same medium containing 0.02 mM isopropyl-1-thio-d-galacto-
pyranoside (IPTG) at 25 8C for another 24 h. The culture was
then harvested by centrifugation, lysed by 10 mL lysis buffer
(50 mM HEPES, pH 7.0), disrupted using a French press
(15,000 psi), and centrifuged at 14,000 g. The supernatant was
treated with 4% polyethylene glycol (PEG, av. MW: 8,000) in
0.2 M NaCl by stirring at 4 8C for 30 min and centrifuged to col-
lect the desired precipitated proteins. Extraction was carried
out for the re-suspended pellets at least three times by vigo-
rously vortexing with 1% Triton X-100 at 4 8C for 30 min, after
which the supernatant was collected and applied to a HiTrap
Q-Sepharose HP column (Pharmacia). The column had been
pre-equilibrated with 50 mM Tris buffer (pH 7.0) containing
0.2% Triton X-100. After loading of the sample, the column
was washed by the same buffer and proteins were eluted with
a linear gradient of 0 – 500 mM NaCl. The desired fractions
were collected, concentrated and applied to hydroxyapatite
column (Bio-Rad), which had been pre-equilibrated with wa-
ter containing 0.2% Triton X-100. After loading of the sample,
the column was washed with a linear gradient of 0 – 500 mM po-
tassium phosphate buffer (pH 7.0). The desired fractions were
pooled and concentrated to yield the protein with homogeneity
of more than 90%.

Synthesis of TN Glycopeptides

The target glycopeptides (APGSTA) with GalNAc a-linked to
serine or/and threonine were synthesized by solid phase pep-
tide synthesis on Wang resin in conjunction with standard
Fmoc chemistry. All the hydroxy groups of GalNAc, serine
and/or threonine were protected by acetyl groups. The reaction
progress was monitored by the ninhydrin test. Once the cou-
pling reaction was complete, the resin-bound peptides were
washed successively with DMF/DIPEA (95/5), DMF, dichloro-
methane and methanol (36 – 45% overall yield for 1 – 3). The
introduction of the chromogenic dabsyl group was achieved
prior to TFA cleavage by the reaction of the resin-bound pep-
tides with dabsyl chloride. Resin-bound peptides (0.5 mmol) in
DMF/DIPEA (95/5) were added to 2 mmol of dabsyl chloride
in the same solvent. The resin was then removed by treatment
with TFA for 2 h. Final deprotection with a catalytic amount of
NaOMe was carried out at room temperature. After lyophili-
zation, the synthesized TN glycopeptides were purified by re-
verse-phase HPLC as described above (65 – 69% yield for 1 –
3 in the last four steps) and further confirmed by ESI-MS.

Enzyme Reaction and Activity Assay

The reaction catalyzed by the a2,6-sialyltransferase from P.
damsela was incubated at 30 8C for 3 h in 80 mM sodium caco-
dylate (pH 6.0) containing 5 mM substrate, 2 mM CMP-sialic
acid, 10 mM CaCl2, 0.2% Triton X-100, and 20 mg sialyltrans-
ferase. The reaction progress was monitored by TLC with 2-
PrOH/H2O/AcOH (10/3/1). After completion, the mixture
was heated at 90 8C for 2 min, 500 mL CHCl3 were added for ex-
traction, and the aqueous layer was collected. The resulting sol-
ution was ready for further purification. The products of sialyl-
lactose and sialyl-PA-lactose were subjected to ion exchange
chromatography with a Mono Q column (Pharmacia). 0 –
25% 1 N NH4HCO3 was used as the eluent. Sialyl lactose was
detected by UV at 210 nm. The detection of PA-lactose and
its reaction product was carried out by the fluorescence emis-
sion at 380 nm using an excitation wavelength of 310 nm. TN

and sialyl TN glycopeptides were purified by reverse-phase
C18 column (ThermoQuest, Hyperprep HS-C18, 4.6�
250 mm) with the eluent of CH3CN/H2O and monitored by
the detection at 480 nm.

Both products resulting from the sialylation of lactose and
PA-lactose were individually purified by HPLC and further
subjected to HPAEC analysis using Dionex BioLC DX-600
system with a Carbopac PA-100 column (4�255 mm) and
AminoTrap column (4�50 mm), where 100 mM sodium hy-
droxide (buffer A) and 1 M sodium acetate in 100 mM sodium
hydroxide (buffer B) were used as the eluents. Both HPLC and
HPAEC analyses were in good agreement.

Acknowledgements

The authors thank the financial support from the National Sci-
ence Council of Taiwan (NSC93-2113-M-001-003 and NSC93-
2113-M-001-034) and Academia Sinica, Taiwan

References and Notes

[1] a) S. Hakamori, Am. J. Clin. Pathol. 1984, 82, 635 – 648;
b) S. Hakamori, Cancer Res. 1985, 45, 2405 – 2414;
c) W. J. Kuhns, Contemp. Hematol. Oncol. 1980, 1,
149 – 200.

[2] a) S. H. Itzkowitz, M. Yuan, C. K. Montgomery, T. Kjeld-
sen, H. K. Takahashi, W, L. Bigbee, Y. S. Yee Cancer Res.
1989, 49, 197 – 204; b) M. Yuan, S. H. Itzkowitz, C. R. Bo-
land, Y. D. Kim, J. T. Tomita, A. Palekar, J. L. Benning-
ton, B. F. Trump, Y. S. Kim Cancer Res. 1986, 46, 4841 –
4847.

[3] a) T. Kjeldsen, H. Clausen, S. Hirohashi, T. Ogawa, H. Ii-
jima, S. Hakamori, Cancer Res. 1988, 48, 2214 – 2220;
b) A. Kurosaka, H. Kitagawa, S. Fukui, Y. Numata, H.
Nakada, I. Funakoshi, T. Kawasaki, T. Ogawa, H. Iijima,
I, Yamashina, J. Biol. Chem. 1988, 263, 8724 – 8726.

[4] S. J. Danishefsky, J. R. Allen, Angew. Chem. Int. Ed.
2000, 39, 836.

[5] G. F. Springer, Science 1984, 224, 1198 – 1205.
[6] E. Dabelsteen, J. Pathol. 1996, 179, 358 – 369.
[7] a) S. Takao, K. Uchikura, S. Yonezawa, H. Shinchi, T. Ai-

kou, Cancer 1999, 86, 1966 – 1975; b) J. L. Werther, M.

Enzymatic Sialylation by a2,6-Sialyltransferase COMMUNICATIONS

Adv. Synth. Catal. 2005, 347, 967 –972 asc.wiley-vch.de � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 971



Tatematsu, R. Klein, M. Kurihara, K. Kumagai, P. Llo-
rens, N. J. Guidugli, C. Bodian, D. Pertsemlidis, T. Yama-
chika, T. Kitou, S. Itzkowitz, Int. J. Cancer 1996, 69, 193 –
199; c) D. W. Miles, J. Linehan, P. Smith, I. Filipe, Br. J.
Cancer 1995, 71, 1074 – 1076; d) I. Takahashi, Y. Mae-
hara, T. Kusumoto, S. Kohnoe, Y. Kakeji, H. Baba, K. Su-
gimachi, Br. J. Cancer 1994, 69, 163 – 166.

[8] a) K. Terasawa, H. Furumoto, M. Kamada, T. Aono Can-
cer Res. 1996, 56, 2229 – 2232; b) R. S. Bresalier, S. B. Ho,
H. L. Schoeppner, Y. S. Kim, M. H. Sleisenger, P. Brodt,
J. C. Byrd, Gastroenterology 1996, 110, 1354 – 1367.

[9] a) L. A. Holmberg, B. M. Sandmaier, Expert Rev. Vac-
cines 2004, 3, 655 – 663; b) L. A. Holmberg, D. V. Oparin,
T. Gooley, B. M. Sandmaier, Clin. Breast Cancer 2003, 3
(suppl 4), S144-S151.

[10] K. Makodo, H. Ishida, H. Ito, in: Carbohydrates in
Chemistry and Biology, (Eds.: B. Ernst, G. W. Hart, P. Si-
nay), Wiley-VCH, Weinheim, Germany, 2000, Vol. 1, pp
345 – 365.

[11] C.-H. Lin, C.-C. Lin, in: The Molecular Immunology of
Complex Carbohydrates 2, Advances in Experimental
Medicine and Biology, Vol. 491, (Ed.: A. M. Wu), Kluwer
Academic and Plenum, New York, 2001, Section II-7:
Enzymatic and Chemical Approaches for the Synthesis
of Sialyl Glycoconjugates, pp. 215 – 230.

[12] A. Harduin-Lepers, V. Vallejo-Ruiz, M.-A. Krzewinski-
Recchi, B. Samyn-Petit, S, Julien, P. Delannoy, Biochimie
2001, 83, 727 – 737.

[13] a) N. Kurosawa, T. Hamamoto, Y.-C. Lee, T. Nakaoka, N.
Kojima, S. Tsuji, J. Biol. Chem. 1994, 269, 1402 – 1409;
b) N. T. Marcos, S. Pinho, C. Grandel, A. Cruz, B. Sa-
myn-Petit, A. Harduin-Lepers, R. Almeida, F. Silva, V.
Morais, J. Costa, J. Kihlberg, H. Clausen, C. A. Reis,
Cancer Res. 2004, 64, 7050 – 7.

[14] a) Handbook of Glycosyltransferases and Related Genes,
(Eds. N. Taniguchi, K. Honke, M. Fukuda), Springer-Ver-

lag: Tokyo, 2002; b) Y. Ikehara, N. Kojima, N. Kurosawa,
T. Kudo, M, Kono, S. Nishihara, S. Issiki, K. Morozumi,
S. Itzkowitz, T. Tsuda, S.-I. Nishimura, S. Tsuji, H. Nari-
matsu, Glycobiology 1999, 9, 1213 – 1224; c) N. Kurosa-
wa, S. Takashima, M, Kono, Y. Ikehara, M. Inoue, Y. Ta-
chida, H. Narimatsu, S. Tsuji, J. Biochem. 2000, 127,
845 – 854.

[15] S. K. George, T. Schwientek, B. Holm, C. A. Reis, H.
Clausen, J. Kihlberg, J. Am. Chem. Soc. 2001, 123,
11117 – 11125.

[16] O. Blixt, K. Allin, L. Pereira, A. Datta, J. Paulson, J. Am.
Chem. Soc. 2002, 124, 5739 – 5746.

[17] T. Yamamoto, M. Nakashizuka, H, Kodama, Y. Kajihara,
I. Terada, J. Biochem. 1996, 120, 104 – 110.

[18] T. Yamamoto, M. Nakashizuka, I. Terada, J. Biochem.
1998, 123, 94 – 100.

[19] M. Gilbert, R. Bayer, A.-M. Cunningham, S. Defrees, Y.
Gao. D. C. Watson, N. M. Young, W. W. Wakarchuk, Na-
ture Biotechnol. 1998, 16, 769 – 772.

[20] M. Gilbert, A.-M. Cunningham, D. C. Watson, A. Mar-
tin, J. C. Richards, W. W. Wakarchuk, Eur. J. Biochem.
1997, 249, 187 – 194.

[21] See Experimental Section for details.
[22] a) K. Denda-Nagai, T. Irimura, Glycoconjug. J. 2000, 17,

649 – 658; b) J. C. Byrd, R. S. Bresalier, Cancer Metastasis
Rev. 2004, 23, 77 – 99.

[23] A detailed chemical synthesis of MUC1 glycopeptides
containing T, TN, STN antigens was reported by Prof. H.
Kunz. The study was carried out solid phase peptide syn-
thesis using Fmoc-protected building blocks, see: H. Kunz,
J. Pept. Sci. 2003, 9, 563 – 573.

[24] T. Endo, S. Koizumi, K. Tabata, S. Kakita, A. Ozaki, Car-
bohydr. Res. 2001, 330, 439 – 443.

[25] H. J. Gross, U. Sticher, R. Brossmer, Anal. Biochem.
1990, 186, 127 – 134.

COMMUNICATIONS Chin-Fen Teo et al.

972 � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 967– 972


