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Regioselective Lactonization of
a-(2!8)-Trisialic Acid**
Mou-Chi Cheng, Chun-Hung Lin,* Kay-Hooi Khoo,
and Shih-Hsiung Wu*

The polymer of a-(2,8)-linked N-acetylneuraminic acids
(poly(2,8-NeuAc)) is mainly distributed in mammalian cells
and bacteria, and associated with many different biological
functions.[1] It has been reported that d-lactonization, the
condensation of the carboxyl group at C-2 of one residue with
the hydroxyl group at C-9 of an adjacent residue, is observed
in a-2,8-linked polysialic acids at low pH.[2] Likewise, in
gangliosides (glycosphingolipids containing one to three sialic
acid moieties), d-lactone is also formed under acidic con-
ditions.[3] The d-lactones of gangliosides have been suggested
to be the true immunogens in the preparation of anti-
ganglioside antibodies.[4] Since polysialic acid is a sugar
polymer with highly negative charges, lactonization, which
reduces the number of carboxylate groups, would influence
the charge density. As a consequence, it was proposed that
lactone formation may represent an on/off signal of a
physiological function.[5]

Here we report the regioselective lactonization of the a-2,8-
linked trisialic acid. There are two lactonized sites in the sialic
acid trimer, one at the reducing end and the other at the
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nonreducing end (Scheme 1). Two different conditions were
found under which each of the monolactones was obtained
with high regioselectivity. This is the first report that
oligosialic acid can undergo regioselective lactonization and
delactonization.

The trimer was dissolved in glacial acetic acid at room
temperature, and the progress of the lactonization was
followed by capillary electrophoresis (CE). As shown in
Figure 1, there were four major peaks in the CE spectra
corresponding to two monolactones, one dilactone, and the
unchanged trimer. Peak A should correspond to the dilactone
4 since it has the lowest charge density. Peak D was identified
as belonging to the unchanged trimer 1 by co-injection with an
authentic sample. The remaining peaks B and C were assigned
to the two monolactonized trimers, which could be identified
and distinguished by enzymatic hydrolysis with neuramini-
dase. Since this enzyme is an exo-glycosidase, it recognizes
and releases the sialic acid molecule at the nonreducing
terminal, and does not attack the lactonized sialic acid.
Peak C, which gradually decreased in intensity during the
course of the neuraminidase hydrolysis, is due to the
2-monolactone 3 ; the unchanged peak B was assigned to
1-monolactone 2. Figure 2 shows the time course of enzymatic
hydrolysis of the lactonized trimers. The intensities of peaks A
and B did not change in the presence of neuraminidase since 2
and 4, with a lactone ring at the nonreducing end, are resistant
to enzymatic hydrolysis. 2-Monolactone 3 (peak C) was
hydrolyzed enzymatically into the lactonized dimer (peak a)
and sialic acid (peak b), whereas trimer 1 (peak D) was
cleaved into the dimer (peak c) and sialic acid. According to
Figure 1, lactonization of 1 preferentially occurs first at the
reducing terminal under the acidic conditions, so that
2-monolactone 3 is the major product. The mass spectrometry
analysis also supported our conclusion that monolactonized

Figure 1. CE spectra of the lactonization of 1 in glacial acetic acid after
different reaction times (I: 10 min; II: 20 min; III: 30 min; IV: 1 h; V: 4 h;
VI: 8 h).

Scheme 1. Structures of a-2,8-linked sialic acid trimer 1, 1-monolactone trimer 2, 2-monolactone trimer 3, and dilactone trimer 4 as
well as the reaction pathway of lactonization (bottom left) and hydrolysis (bottom right).
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Figure 2. The product mixture obtained from the lactonization of 1 in
glacial acetic acid for 10 min was hydrolyzed by neuraminidase and
analyzed by CE after different times (I: 0 h; II: 1 h; III: 2 h; IV: 4 h; V: 8 h;
VI: 20 h). Peaks A ± D were assigned to 4, 2, 3, and 1, respectively.
Peaks a ± c are due to lactone dimer, sialic acid monomer, and sialic acid
dimer, respectively.

trimers are the major products together with the dilactone and
non-lactonized trimers upon treatment with glacial acetic acid
for 10 min (Figure 3).

Figure 3. Nagative-mode FAB mass spectrum of the sample obtained from
the lactonization of a-2,8-linked sialic acid trimer in glacial acetic acid for
10 min. The major signals were assigned and identified as belonging to the
molecular ions of the lactonized products and unchanged starting material.
X : molecular ion of 1 (C33H53O25N3); Y: molecular ion of 2 and 3
(C33H51O24N3); Z : molecular ion of 4 (C33H49O23N3).

Compound 4 was chemically hydrolyzed in an aqueous
solution of 0.1n (NH4)2CO3. The CE analysis indicated that 4
was first hydrolyzed to give 2 exclusively and then further
hydrolyzed to generate 1 (Figure 4). A co-injection of samples

Figure 4. CE spectra of the hydrolysis of 4 under basic conditions after
different times (I: 5 min; II: 10 min; III: 20 min; IV: 40 min; V: 80 min).

from both studies (esterification and hydrolysis) verified that
peak B in Figure 4 is indeed due to the 1-monolactone 2 and
different from the 2-monolactone 3 preferably generated by
acidic lactonization (Figure 1).[6] The assignment of the three
peaks in Figure 4 was corroborated by FAB-MS analysis,
which afforded the expected molecular ions.

The preferential generation of 3 instead of 2 under the
acidic conditions and the exclusive formation of 2 in the
alkaline hydrolysis of dilactone trimer 4 is explained by
structual differences in each component of the sialic acid
trimer. The glycerol side chain at the nonreducing terminal is
more flexible. It can interact with the carboxyl group at C-2,
so that the formation of 2 is more difficult under acidic
conditions. Likewise, similar interaction with the lactone ring
at the nonreducing end may prevent its breakdown. The
interaction of the sugar side chain with the functional group at
the anomeric position has been suggested for a KDO-type
molecule (KDO� 2-keto-3-deoxyoctulosonate)[7] that is
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Convergent Route to Organometallic
Dendrimers Composed of Platinum ± Acetylide
Units**
Kiyotaka Onitsuka, Masanori Fujimoto,
Nobuaki Ohshiro, and Shigetoshi Takahashi*

There is increasing interest in the development of new
strategies to synthesize well-defined nanosize macromole-
cules with specific functions. Dendrimers have a regularly
branched architecture and have large, spherical dimensions to
meet the requirements for new materials.[1] One method for
the functionalization of dendrimers is the incorporation of

closely related to sialic acid. On the other hand, such an
interaction is not possible for the side chains of the other two
sugar units since the rigidity is created by the glycosidic
linkage fixed at C-8. Other possible explanations cannot be
simply ruled out. For example, the different pKa values of
these carboxyl groups[8] may result in such regioselectivity.
However, our speculation waits for the isolation and purifi-
cation of both monolactone trimers for further NMR stud-
ies;[6] computer modeling is currently in progress.

In conclusion, two different methods are presented to
obtain the two possible monolactones of an a-2,8-linked
trisialic acid with regioselectivity. The neuraminidase hydrol-
ysis demonstrates a novel way to distinguish both regioisom-
ers from each other. The methods developed here can be
further extended and applied to prepare other lactonized
oligomers for the investigation of their unknown biological
functions.

Experimental Section

Reagents: N-Acetylneuraminic acid trimer ([!8Neu5Aca2!]3) was
obtained from NGK Biochemical Ltd. (Handa, Japan) with the help of
Prof. Yasuo Inoue. Neuraminidase from Anthrobacter ureafaciens was
purchased from Sigma (St. Louis, USA). All other reagents for reactions
and high-performance capillary electrophoresis (HPCE) were of the
highest grade commercially available.

Lactonization of the a-2,8-linked tri-N-acetylneuraminic acid: Free trimers
of [a2!8] N-acetylneuraminic acid (25 mg) were incubated in glacial acetic
acid (1 mL) at room temperature. The reaction mixtures were frozen with
liquid nitrogen and then dried immediately by SpeedVac (Savant, USA) to
remove acetic acid. Dried samples were dissolved in doubly distilled water,
and an aliquot (5 mL) of the mixture was analyzed by HPCE.

Preparation of the dilactone 4 : free trimers of [a2!8] N-acetylneuraminic
acid (25 mg) were left in glacial acetic acid (1 mL) at room temperature for
8 h, frozen with liquid nitrogen, and then dried immediately by SpeedVac
(Savant, USA) to remove acetic acid.

Hydrolysis of 4 : A sample of 4 (50 mg) was dissolved in 0.1n (NH4)2CO3

(500 mL) at 37 8C. After 20, 40, and 80 min an aliquot was removed, frozen
with liquid nitrogen, and then dried by SpeedVac (Savant, USA). Dried
samples were dissolved in doubly distilled water, and an aliquot (5 mL) of
the mixture was analyzed by HPCE.

Chromatographic analysis: Capillary electrophoreses (CE) were per-
formed on a Beckman capillary electrophoresis system (P/ACE 2100) with
a fused silica capillary (118 cm�75 mm (inner diameter)) at 20 kV and
25 8C. Phosphate buffer (50 mm, pH 8.0) was used as the running buffer.
The UV absorption at 200 nm was monitored. Samples were injected into
the capillary under a high pressure of nitrogen (1.3 bar) for 3 s. The
capillary was regenerated by washing with doubly distilled water for 3 min
and then 0.1n NaOH for 5 min.

Neuraminidase hydrolysis : Partially lactonized samples (10 mg) in 100 mm
ammonium acetate buffer (pH 5) were digested with neuraminidase
(1 mU) from Anthrobacter ureafaciens in 20-mL CE vials at room temper-
ature. The progress of hydrolysis was monitored by HPCE at regular time
intervals.

Fast atom bombardment (FAB) mass spectrometry: Negative-mode FAB
mass spectra of the samples were obtained on an Autospec OA-TOF mass
spectrometer (Micromass, UK) fitted with a cesium ion gun operated at
26 kV. Samples were dissolved in Milli Q water for loading on to the probe
tip coated with monothioglycerol as matrix.
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