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Because specific inclusion to appropriate guest compounds
is often appeared by host molecules, precise recognition of
congeners, homologues, and other analogous molecules has
been achieved by ability in inclusion of the host compounds.
For example, crown ethers have respective cavities to fit sizes
of congenerous cations, in which 18-crown-6, 15-crown-5, and
12-crown-4 have high affinities for potassium, sodium, and
lithium cations, respectively, to favorably form inclusion
complexes in each appropriate combination.! Cyclodextrins,
cyclic oligosaccharides consisting of 6-8 glucose units, also
exhibit different inclusion abilities to some polyethers depend-
ing on whether their cavities fit sizes of the cross-sectional
areas in the polymeric chains.”> On the other hand, amylose, a
helical host compound that is described as follows in detail,
shows the different inclusion ability to lipid homologues,
forming inclusion complexes with them having appropriate
alkyl chain lengths.?

Amylose is a polysaccharide with helical conformation
linked through (1—4)-a-glycosidic linkages and also a well-
known host compound that forms inclusion complexes with
slender guest compounds having relatively lower molecular
weight by noncovalent interaction between guest molecules
and the cavity of amylose.* However, little has been reported
regarding the formation of inclusion complexes between
amylose and polymeric compounds.’ The main difficulty in
incorporating polymeric compounds into the cavity of amylose
is that the driving force for the binding is only caused by
hydrophobic interactions. Amylose, therefore, does not have
sufficient ability to include the long chains of guest polymers
into its cavity.

By means of the enzymatic method for direct construction of
the polysaccharides,® we have developed a new methodology
for the preparation of inclusion complexes composed of
amylose and synthetic polymers,” which was achieved by the
enzymatic polymerization forming amylose in the presence of
guest polymers. The representation of this reaction system is
similar to the way that vines of plants grow twining around a
rod. Accordingly, we have proposed that this polymerization
method for the preparation of amylose-polymer inclusion
complexes is named “vine-twining polymerization.”

So far, we have found that appropriately hydrophobic
polyethers,”®¢ polyesters,’>% a poly(ester-ether),’® and poly-
carbonates”™ are included in the cavity of amylose by this
polymerization system. For example, when the phosphorylase-
catalyzed enzymatic polymerization was carried out in the
presence of the aliphatic polyethers with appropriate hydro-
phobicity such as poly(oxetane) (POXT, -[CH,CH,CH,0],-)
and poly(tetrahydrofuran) (PTHF, -[CH,CH,CH,CH,0],-),
these were included in the cavity of amylose to form the
corresponding inclusion complexes.” However, in addition to
no formation of the inclusion complex from poly(ethylene
glycol) (-[CH,CH,0],,-) because of its hydrophilic nature, the
preparation of the inclusion complexes has not been achieved
from the polyether with strong hydrophobicity like poly-
(oxepane) (-[CH,CH,CH,CH,CH,CH,0],-), attributed to its
aggregation in the aqueous buffer of the solvent for the
enzymatic polymerization.

These results have inspired us to achieve the selective
inclusion toward two resemblant polymers in the vine-twining
polymerization by means of slight difference in their hydro-
phobicities. In the previous papers, we reported that amylose
selectively included one side of the polyethers, i.e., PTHF
from a mixture of POXT/PTHF and one side of the polyesters,
i.e., poly(é-valerolactone) from a mixture of poly(é-valero-
lactone)/poly(e-caprolactone) by the vine-twining polymer-
ization, respectively.’®d The difference in the chemical struc-
tures between the polymers in each mixture is only one
methylene unit, and those having similar molecular weights
were used. Therefore, this system is considered as a tool for
discrimination of the polymers by means of the cavity of
amylose.

On the basis of the previous studies and above findings, we
have continuously investigated the selective inclusion to a
specific range of molecular weights (MWs) in synthetic
polymers by amylose in the vine-twining polymerization
because synthetic polymers generally have molecular weight
distribution (MWD), meaning that they are reasonably consid-
ered as mixtures of analogous molecules with different
numbers of the repeating units. Additionally, the number of
repeating unit (MW) contributes to show different properties of
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the polymer with the same structure of repeating unit. For
example, PTHF with considerably low MW is soluble in water
although PTHF is known as hydrophobic polymer, indicating
that the hydrophobicity of PTHF is probably affected by its
MW. These considerations have motivated us to attempt the
selective inclusion to a specific range of MWs in PTHFs as
guest polymers by amylose because we have already achieved
the aforementioned selective inclusion of amylose toward two
resemblant guest polymers.’&J

In this study, we found that amylose selectively included a
specific range of MWs in any PTHFs when the vine-twining
polymerization was performed in the presence of some PTHFs
with different average MWs.

EXPERIMENTAL

Materials

Phosphorylase (ca. 300 units/mL) was supplied from Ezaki
Glico Co. Ltd., Osaka, Japan.® PTHFs were prepared by ring-
opening polymerization of tetrahydrofuran according to the
experimental method reported in previous literature.” In the
present study, three PTHFs with different MWs were prepared;
PTHF-1K (M, and M,, /M, were estimated by '"H NMR and gel
permeation chromatography (GPC) measurements to be 1350
and 2.86, respectively), PTHF-3K (M, and M,,/M, were
estimated by 'H NMR and GPC measurements to be 3040 and
3.13, respectively), and PTHF-6K (M, and My /M, were
estimated by '"H NMR and GPC measurements to be 6330 and
2.45, respectively). Maltoheptaose (G7) was prepared by
selective cleavage of one glycosidic bond of B-cyclodextrin
under acidic condition.!® Other reagents and solvents were used
without further purification.

Typical Procedures for the Preparation of Amylose-PTHF
Inclusion Complexes by Vine-Twining Polymerization

PTHF-1K (150 mg) was suspended in sodium acetate buffer
(4.0mL, 0.2mol/L, pH = 6.2) using an ultrasonic wave. After
the addition of G; primer (6.9 mg = 6.0 umol) and «-D-glucose
1-phosphate disodium salt (G-1-P, 456.3mg = 1.5 mmol),
adjustment of the pH value to 6.2 using acetic acid aqueous
solution (0.20 mol/L) was carried out. Phosphorylase (80 uL. =
24 units) was added to this solution, and then the solution was
stirred vigorously at 40-45 °C for 6 h. The precipitated product
was collected by filtration, washed with acetone and water, and
dried under reduced pressure at room temperature to yield ca.
72.8mg of the inclusion complex. 'H NMR (400 MHz,
DMSO-dg): § 1.40-1.60 (br, -CH,CH,O- due to PTHF), §
3.10-3.92 (m, H;-Hg due to amylose, -CH,0O- due to PTHF
overlapping with HOD), § 4.59, 5.42, 5.52 (OH), § 5.10 (br, Hy
due to amylose). The degree of polymerization (DP) values of
amylose in the resulting inclusion complexes were calculated
by the integrated ratios of the signal of H;y of amylose chain (8
5.1) to the signals of H; (¢ and B) of the reducing terminus (8
4.9 (a) and 4.3 (B)) in the '"H NMR spectra (DMSO-dy-D-0).
The DP values were assessed to be ca. 69, corresponding to
M, = ca. 11200.

Typical Procedures for the Extraction of PTHFs from the
Inclusion Complexes

The inclusion complex (30.0mg) prepared by the afore-
mentioned vine-twining polymerization was dissolved in
DMSO (0.20mL). After the solution was stirred at 40 °C for
13h, it was added to excess amount of acetone. After the
resulting precipitate was removed by filtration, the filtrate was
evaporated. Then, chloroform (10 mL) and water (10 mL) were
added to the resulting product solution in DMSO and the
chloroform phase was separated, which was washed with
water, evaporated, and dried under reduced pressure to give
PTHF (2.7 mg).

Measurements

The '"H NMR spectra were recorded using a JEOL ECX400
spectrometer (JEOL Ltd.). The X-ray diffraction (XRD)
measurements were performed at a scanning speed of 26 =
2°/min using a Geigerflex RAD-IIB diffractometer (Rigaku
Co.) with Ni-filtered CuKa radiation (= 0.15418 nm). The
GPC analyses were performed by using a HITACHI pump L-
2130 and a HITACHI RI detector L-2490 under the following
conditions: Shodex GPC KF-804L and KF-803L columns with
chloroform as the eluent at a flow rate of 1.0 mL/min at 40 °C.

RESULTS AND DISCUSSION

The vine-twining polymerization was performed by the
phosphorylase-catalyzed enzymatic polymerization of G-1-P
from Gy as a primer (feed molar ratio of G-1-P/G; = 250) in
the presence of PTHF-1K (a), PTHF-3K (b), or PTHF-6K (c) as
the guest polymer in sodium acetate buffer (0.2 mol/L,
pH = 6.2) at 40-45°C for 6h, respectively (Scheme 1). The
DPs of the enzymatically synthesized amylose by phospho-
rylase are generally changed by the feed molar ratios of G-1-P/
G7. The present polymerization system in lower feed molar
ratio of G-1-P/Gy, e.g., 10, did not yield the inclusion complex
because of the production of amylose with considerably low
DP, which had no helical structure. On the other hand, when
the polymerization system was performed in higher feed molar
ratio of G-1-P/G7 such as 1000, the DP of amylose was not
higher than ca. 75. In the vine-twining polymerization, the
enzymatic polymerization proceeds with forming the inclusion
complex composed of amylose with V-type crystalline struc-
ture, which leads to precipitation of the product during the
polymerization. The precipitation of the inclusion complex
causes a difficulty in increasing the DP of amylose by the vine-
twining polymerization even when the higher feed molar ratio
of G-1-P/G7 is employed. On the basis of these results and our
previous experiences, we consider that the favorable feed
molar ratio of G-1-P/Gy for the vine-twining polymerization in
this study is ca. 250. The precipitated products were collected
and characterized by the following 'H NMR and XRD
measurements to be the inclusion complexes as shown in our
previous papers.’&*

The '"H NMR spectrum in DMSO-ds of the product obtained
by the vine-twining polymerization using PTHF-1K showed
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Figure 1. 'H NMR spectrum of the product obtained by the vine-twining

polymerization using PTHF-1K.

the signals not only due to amylose but also due to PTHF-1K
(Figure 1), in spite of washing with acetone as the good solvent
for PTHF-1K, indicating that PTHF-1K was included in the
cavity of amylose. In addition, the XRD pattern of the product
obtained from PTHF-1K showed two diffraction peaks at
26 = ca. 13° and 20° (Figure 2), which was similar to those of
the inclusion complexes of amylose with monomeric com-
pounds'! and with polymers.” These 'H NMR and XRD results
indicate that the product is inclusion complex composed of
amylose and PTHF. Similarly, the products obtained from
PTHF-3K and PTHF-6K as the guest polymers were charac-

Intensity

5 10 15 20 25 30 35 40
26/ deg (CuKo)

Figure 2. XRD pattern of the product obtained by the vine-twining polymer-
ization using PTHF-1K.
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Scheme 2. Extraction of PTHFs from the inclusion complexes.

terized by 'H NMR and XRD measurements, which also
supported the structures of the inclusion complexes.

To evaluate MWs and MWDs of PTHFs included in the
cavity of amylose, PTHFs were extracted from the inclusion
complexes according to the following operation. After the
solutions of the inclusion complexes, obtained by each experi-
ment, in DMSO were stirred at 40 °C for 13 h, they were added
to an excess amount of acetone (Scheme 2). Then, the acetone
soluble fractions were collected and characterized by 'H NMR
measurements to be PTHFs.

The M, and M, /M, of the extracted PTHFs were estimated
by '"HNMR and GPC measurements, respectively. When
PTHF-3K with M,,/M, = 3.13 was employed as the guest
polymer for the vine-twining polymerization, MWD of PTHF
included in the cavity of amylose became narrow (My, /M, =
1.46) although its MW (M,, = 3590) was almost same as that of
the employed one (M, = 3040) (Figure 3b). These results
indicate that amylose selectively included a specific range of
MWs in PTHF-3K in the vine-twining polymerization. To
investigate the effect of average MWs of the guest PTHFs on
the inclusion behavior of amylose, we performed the vine-
twining polymerization using PTHF-1K with M,,/M, = 2.86
and PTHF-6K with M,,/M, =2.45 as the guest polymers.
Consequently, the M, and M,,/M, of PTHFs included in the
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Figure 3. GPC curves of PTHFs employed as guests; (a) PTHF-1K,
(b) PTHF-3K, and (c) PTHF-6K, and those of PTHFs included in
the cavity of amylose in the vine-twining polymerization using
(a) PTHF-1K, (b) PTHF-3K, and (c) PTHF-6K.

cavity of amylose were almost same as those using PTHF-3K
as described above (Figure 3a, c). Thus it can be concluded
that, in this polymerization system, amylose selectively
includes a specific range of MWs in PTHFs. These results
are probably because of the difference in inclusion ability of
amylose toward PTHFs with various MWs in the vine-twining
polymerization.

CONCLUSIONS

In this paper, we described that amylose selectively included
a specific range of MWs in guest PTHFs in the vine-twining

polymerization. When the phosphorylase-catalyzed enzymatic
polymerization of «-D-glucose 1-phosphate from maltohep-
taose as a primer was performed in the presence of PTHFs with
different average MWs, amylose included almost same MW
range with low distribution in any PTHFs used.
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