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Novel saccharide-induced conformational changes in a boronic
acid-appended poly(L-lysine) as detected by circular dichroism and
fluorescence
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Poly(-lysine) has been modified with a 4-phenylboronic acid derivative which acts as a sugar-binding site and
a dansyl group which acts as a fluorescence probing site. The helix content of this poly(-lysine) derivative as
estimated by CD spectroscopy became maximum at pH 10.3. The helix content was increased from 51 to 79%
by complexation of -fructose with the pendant boronic acid group and the maximum pH shifted from 10.3
to 7.9. Examination of the CD spectra revealed that the conformation changes in the order of β-sheet →
α-helix → random coil with increasing medium pH. The -glucose addition induced a similar increase in the
helix content and a similar low pH shift of the helix content maximum but the mechanism was somewhat different:
one -glucose was bound to two boronic acid groups to form an intrapolymeric bridge and the resultant CD
spectrum was similar to that of the β-turn structure. These saccharide-induced conformational changes were well
reflected by plots of fluorescence intensity vs. pH. The decrease in the fluorescence intensity in the high pH region
(random coil region) was confirmed by fluorescence polarization to be due to the increase in the molecular motion.
This is a novel system to control the poly(amino acid) conformation by saccharides and to detect the conformational
changes by convenient spectroscopic methods.

Introduction
The conformational changes in polypeptides are based on a
subtle balance among several secondary forces such as
hydrogen-bonding interactions, electrostatic attraction and
repulsion, hydrophobic forces, dipole–dipole interactions, etc.1

It is expected, therefore, that the conformational transitions can
be changed by a subtle change in the balance. One of the typical
examples is the photocontrol of polypeptide higher-order struc-
tures by cis–trans photoisomerization of the azobenzene moiety
appended in the side-chain.2–4 It is known that a saccharide
family frequently plays crucial roles in determining the higher-
order structures of cell membranes and globular proteins.5 It
thus occurred to us that if these higher-order structures can be
controlled by saccharides, it would lead to a novel methodology
to control their biological functions.6 Recently, we and others
have demonstrated that boronic acids act as a useful ‘sugar-
interface’ operative in water to recognize saccharides or to har-
ness saccharides as a trigger function.7–16 We thus expected that
if poly(-lysine) is appropriately modified with a boronic acid
group, the helix-coil transition of the resultant polypeptide
chain would be controlled by the addition of saccharides.17

With these objects in mind, we previously synthesized boronic
acid-appended poly(-lysine) (1).17 It was found that when
monosaccharides are added to a solution of 1 the helix content
(monitored by CD spectroscopy) increases and the pH which
gives the maximum helix content shifts to a lower region.17 In
addition, the magnitude of the pH shift was correlated with the
affinity of monosaccharides for phenylboronic acid.17 Here, we
newly synthesized 2 bearing a fluorescent dansyl (5-dimethyl-
aminonaphth-1-ylsulfonyl) unit (5 mol%) as well as a 4-phenyl-
boronic acid unit (95 mol%) from poly(-lysine), expecting

that the saccharide-induced conformational changes would be
readily detectable by a fluorescence change. Careful examination
of the circular dichroism (CD) and fluorescence spectra has
revealed that the conformation of 2 changes not only into an
α-helix but also into a β-sheet, β-turn or random coil and the
changes are correlated with the fluorescence intensity change.
Compound 3, which was synthesized from N-α-acetyl--lysine
methyl ester and dansyl chloride, was used as a monomeric
reference for 2 in the fluorescence measurements.

Results and discussion
Influence of added monosaccharides on CD spectra

The typical pH-dependent CD spectra of compound 2 are
shown in Fig. 1. The spectral shape is basically similar to
that of unmodified poly(-lysine). Judging from the spectral
shape,1,18,19 one can regard the major structures adopted by 2 as
the β-sheet structure with the θ minimum at around 220 nm in
the low pH region, the α-helix structure with the θ minimum at
around 208 and 222 nm in the neutral to slightly alkaline pH
region and the random coil structure at high pH. In the pres-
ence of -fructose a similar CD spectral change appeared
although the helix structure became rich at lower pH. As the
appended phenylboronic acid residue is rather far from the
main chain, it would scarcely affect the transition of the main
chain C��O group. Hence, we estimated the helix content using
an equation established for poly(-lysine), i.e. �{([θ]208 � 4000)/
29000}.18 In Fig. 2, [θ]208 and helix content (computed by this
equation) are plotted against pH. It is clearly seen that
-fructose which possesses the highest affinity for a boronic
acid group among monosaccharides 9–14,20 enhances the helix
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content to 79% from 51% and induces a shift of the maximum
pH to 7.9 from 10.3. These trends were already found for 1, and
were rationalized by stabilization of the helix structure by
the OH � � � OH hydrogen-bonding interactions among bound
-fructose molecules and by a pKa shift of the boronic acid–
saccharide complexes to lower pH region, respectively.17

Very interestingly, we have newly found that the influence of
added -glucose, which was not investigated with compound 1
in detail, is quite unique. As shown in Fig. 3, the CD spectra
assignable to the helix structure are also observable at neutral to
slightly alkaline pH and the increase in the helix content (85%)
and the shift of the maximum to lower pH (8.7) are induced
(Fig. 2). The novel finding that the CD sign is inverted to
positive at high pH (>10) is interesting. We first considered that
this CD spectrum with the positive sign is similar to that assign-
able to the β-turn structure.1,18,19,21 It is known that certain
monosaccharides can be bound to two boronic acid groups
using 1,2-diol and 4,6- or 5,6-diol.1,16,22,23 To the best of our
knowledge, -glucose is one such monosaccharide that has the
high bridge-forming ability.16,23 It is reasonable to consider,
therefore, that the β-turn structure could be stabilized by such

Fig. 1 Typical CD spectra of compound 2 (0.18 monomer unit mmol
dm�3) at 25 �C: pH 7.42 – - –, 10.31 ––––, 11.60 - - - -.

an intrapolymeric cross-link. In fact, 1-O-methyl α--
glucopyranoside and -xylose, in which the formation of the
intrapolymeric cross-link is difficult because of the lack of 1-
OH and 6-OH, respectively, result in the ordinary CD spectra
with the negative sign (Fig. 4). The finding apparently suggests
that the positive CD sign observed for -glucose is related to the

Fig. 2 pH Dependence of [θ]208 and helix content of compound 2
(0.18 monomer unit mmol dm�3) at 25 �C: in the absence (�), and the
presence (53 mmol dm�3) of -fructose (×) or -glucose (�).

Fig. 3 CD spectra of compound 2 (0.18 monomer unit mmol dm�3) in
the presence of -glucose (53 mmol dm�3) at 25 �C.

Fig. 4 CD spectra of compound 2 (0.18 monomer unit mmol dm�3)
at pH 10.60 and 25 �C in the presence of saccharides (53 mmol dm�3):
-glucose ——, 1-O-methyl-α--glucopyranoside – – –, -xylose - - - -,
-glucose – - –.
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bridging effect. We noticed, however, that this CD spectrum
with the positive sign is also similar to that observed for the
cyclic -glucose complex with diboronic acid 4:7 therein, the
4�-glucose complex gives the positive exciton-coupling band
whereas the 4�-glucose complex gives the negative exciton-
coupling band.7 Hence, this positive band at around 205 nm
may be assignable to the first Cotton effect of the exciton-
coupling band arising from chiral orientation of two anisyl
dipole moments in the -glucose complex into (R) helicity. One
can discriminate between these two possible explanations by the
CD spectrum obtained in the presence of -glucose: that is, if it
is due to the β-turn structure brought forth by the bridging
effect of -glucose, the positive CD band should appear again
even in the presence of -glucose, whereas if it is due to the
exciton-coupling, -glucose should result in the negative CD
band symmetrical to that of -glucose in this wavelength
region.7 As shown in Fig. 4, -glucose gave the CD spectrum
with the positive sign, which was weaker and broader than that
obtained in the presence of -glucose. This finding supports the
view that the positive CD band is due to the formation of the β-
turn structure and should not be attributed to chiral orientation
of two dipole moments in the 4-boronic acid pendant groups.
One may consider, therefore, that the stronger positive CD band
for -glucose results from the synergistic effects of both the
β-turn structure and the chiral orientation of the two dipole
moments whereas the weaker positive CD band for -glucose
results from the offset of the two opposing CD bands. This
conclusion is further confirmed by the finding that -fructose,
which tends to form a 1 :1 complex with a boronic acid group,24

gives a helix-rich, negative CD spectrum nearly the same as
that obtained in the presence of -fructose.25 Thus, the binding
modes for monosaccharides are summarized in Fig. 5. In Mode
I, the main chain is CD-active because of the helix formation
whereas the boronic acid/saccharide complex pendants are
CD-silent. In Mode II, not only the main chain but also the
saccharide-complexed pendants are CD-active because of the
helix formation and the exciton coupling, respectively.

Influence of added monosaccharides on fluorescence spectra

One of the research purposes of the present study is to estimate
the applicability of a fluorescence spectroscopic method (which
is more convenient than a CD spectroscopic method) to detec-
tion of a conformational change in the poly(amino acid) main
chain. We chose as a fluorescent probe a dansyl group, the
fluorescence spectra of which are known to change sensitively

Fig. 5 Complexation modes proposed for the binding of mono-
saccharides to compound 2.

in response to a change in the environmental medium.26 Dis-
tinctly to characterize the influence of the conformational
change in the main chain on the fluorescence spectra, we com-
pared the fluorescence spectra of 2 with those of a monomeric
reference compound 3.

The fluorescence spectra were measured with excitation
wavelength at 330 nm which was an isosbestic point in the
absorption spectra. The typical fluorescence spectra are
shown in Fig. 6. Plots of emission maximum wavelength (λmax)
against pH (Fig. 7) reveal two characteristic differences between

Fig. 6 Fluorescence spectra of compounds 2 (0.18 monomer unit
mmol dm�3: ––––) and 3 (9.0 × 10�6 mol dm�3: - - - -) at pH 9.25 and
25 �C: the strong peak at around 660 nm is the twofold overtone
wavelength for the excitation wavelength (330 nm).

Fig. 7 Plots of emission maximum wavelength (λmax) against pH
for compounds 2 (�), 3 (�) and 2 with -fructose (×) or -glucose (�)
(53 mmol dm�3).
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compounds 2 and 3: that is, (i) the λmax for 2 (511–519 nm)
appears at much shorter wavelength than that for 3 (568 nm)
and (ii) the λmax for 3 is scarcely changed whereas that for 2
shifts to longer wavelength in alkaline pH region (>10). The
red shift of the λmax is rationalized such that the dansyl group
is surrounded by a more polar environment.26 One may con-
sider, therefore, that the dansyl group in 2 is fixed in a more
apolar environment than that in 3. Since the pH jump
observed for 2 (Fig. 7) is comparable with a conformational
change from α-helix to random coil (Fig. 2), one may regard
the environment presented by a β-sheet and α-helix as more or
less similar to each other whereas that presented by a random
coil is more polar.

Fig. 8 shows the fluorescence intensity of the dansyl group in
compound 2 or 3 plotted against pH. For 3 the fluorescence
intensity increases at pH 3–5 and is saturated to a plateau above
pH 5. Therefore, this fluorescence intensity change is attributed
to deprotonation of the dimethylamino group (NHMe2

� →
NMe2 � H�). The fluorescence intensity increase was also
observed for 2 and 2 with -fructose or -glucose (Fig. 8),
which can again be rationalized by deprotonation of the
pendant dimethylamino group. Interestingly, examination of
Fig. 8 reveals that in 2 the fluorescence intensity decreases in the
alkaline pH region. This bell-shaped pH dependence similar to
that observed for plots of [θ]208 (helix content) vs. pH (Fig. 2) is
not seen for 3. In fact, the pH where the maximum fluorescence
intensity is observed shifts to lower values in the order of none
(pH 10.3) > with -glucose (pH 8.7) > with -fructose (pH
7.9), as in the order observed in Fig. 2. These results consist-
ently support the view that the fluorescence intensity decrease at
pH 8–10, which does not appear for monomeric reference 3, is
attributed to a conformational transition from α-helix to ran-
dom coil. Presumably, the decrease in the fluorescence quantum
yield at pH 8–10 is ascribed either to the increase in the molecu-
lar motion in the random-coil polymer main chain or to the
fluorescence quenching of the dansyl singlet state by the
anionic boronate groups.12

To obtain a further insight into the molecular motion we
measured the degree of fluorescence polarization (P) in the pH
7–12 region. As shown in Fig. 9, the P values are distinctly
decreased in this pH region, indicating that the dansyl group
can obtain higher mobility by a conformational transition from
α-helix to other conformations. Of further interest is the order
of the P values in the high pH region. It is seen from Fig. 9
that the P values at pH > 11 are in the order of none < -
fructose < -glucose: this order implies that the rotational
freedom of the pendant group decreases when -fructose is

Fig. 8 Plots of maximum fluorescence intensity against pH for
compound 2 (�), 3 (�) and 2 with -fructose (×) and -glucose (�):
25 �C, [2] = 0.18 monomer unit mmol dm�3, [3] = 9.0 × 10�6 mol dm�3,
[saccharide] = 53 mmol dm�3.

complexed owing to the hydrogen-bonding interaction among
bound -fructose molecules and further decreases when -
glucose is complexed owing to the intrapolymeric cross-link by
-glucose molecules.

Influence of added oligosaccharides on CD and fluorescence
spectra

To obtain an insight into the multi-point interaction with
compound 2 the CD spectra were measured in the presence
of several oligosaccharides. To compare the oligomeric effect
with respect to -glucose (monosaccharide) we selected oligo-
mers composed of the -glucose units, viz. laminaribiose
(disaccharide), laminaritriose (trisaccharide) and laminari-
hexaose (hexasaccharide). The plots of [θ]208 (or helix con-
tent) vs. pH are shown in Fig. 10. It is seen that with the
increase in the -glucose unit number the main chain of 2
adopts the helix structure in a wider pH range whereas the
helix content in the maximum pH region decreases. Presum-
ably, the oligosaccharides can enjoy the multi-point inter-
action with the boronic acid pendant groups to stabilize the
helix structure in a wide pH range, but the interaction mode
can be achieved only with some strain in the regular helix
structure.27

The plots of fluorescence intensity vs. pH are shown in Fig.
11. It is seen that the fluorescence intensity is clearly decreased

Fig. 9 pH Dependence of fluorescence polarization (P) value of
compound 2 (0.18 unit mmol dm�3) at 25 �C: in the absence (�) and the
presence (53 mmol dm�3) of -fructose (×) or -glucose (�).

Fig. 10 pH Dependence of [θ]208 and helix content of compound 2
(0.18 monomer unit mmol dm�3) at 25 �C in the presence (53 mmol
dm�3) of -glucose (�), laminaribiose (�), laminaritriose (�) or
laminarihexaose (×): the saccharide concentrations are normalized with
respect to the -glucose unit, e.g. [lamimarihexaose] = 1/6�[-glucose].
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at pH > 9 and the plots are not much different among -glucose
and oligosaccharides. Careful examination of the plots in the
high pH region reveals, however, that the fluorescence intensity
decreases in the order laminarihexaose > laminaritriose >
laminaribiose > -glucose: although the difference is small, this
order is reproducible beyond the experimental error range (the
relative error in the fluorescence intensity is less than 1%). Judg-
ing from the relation between the fluorescence intensity and the
P value (vide supra), this tendency implies that the saccharide
with the shorter chain length can suppress the molecular
motion in the polymer main chain more efficiently.

In Fig. 12 the influence of three hexasaccharides with differ-
ent structures on the [θ]208 (or helix content) vs. pH plots is
shown. These saccharides have a trend similar to laminari-
hexaose: that is, the helix pH region becomes wider whereas
the helix content is decreased. We expected that the structural
difference in the hexasaccharides would be reflected by a dif-
ference in the CD spectral pattern. In fact, however, the CD
spectra were more or less similar to one another. The results
imply that the flexible hexasaccharides are not suitable as a
guest to induce some specific conformational change in the
poly(amino acid) main chain even though one can expect
the multi-point interaction between the -glucose units and the
boronic acid pendant groups.

Fig. 11 Plots of maximum fluorescence intensity against pH for com-
pound 2 (0.18 monomer unit mmol dm�3) with -glucose (�), lamin-
aribiose (�), laminaritriose (�) or laminarihexaose (×) (53 mmol
dm�3): the saccharide concentrations are normalized with respect to
the -glucose unit, e.g. [laminarihexaose] = 1/6�[-glucose].

Fig. 12 pH Dependence of [θ]208 and helix content of compound 2
(0.18 monomer unit mmol dm�3) at 25 �C in the presence (53 mmol
dm�3) of laminarihexaose (×), cellohexaose (�) or isomaltohexaose
(�): the saccharide concentrations are normalized with respect to the
monosaccharide unit.

Conclusions
The present study has demonstrated that the higher-order con-
formations of poly(-lysine) can be controlled by the addition
of saccharides if it is appropriately modified with sugar-binding
receptors. The CD spectral studies have established that the
various higher-order conformational changes can be induced in
the poly(-lysine) main chain by a medium pH change and a
structural change in the added saccharides. By using fluoro-
phore-modified compound 2 these conformational changes can
readily be monitored by a fluorescence method. We believe that
this concept can be extended to other polypeptides and more
generally to other naturally occurring high polymers such as
proteins, DNA, etc. and well imitates sugar-binding behaviours
occurring on the surface of proteins, biomembranes, etc.
Further extension to other poly(α-amino acid)s and other
fluorescent dye molecules is currently being investigated in this
laboratory.

Experimental
Materials

Hydrobromide salt of poly(-lysine) (mf 15 000) was purchased
from Wako Pure Chemical Industries, Ltd. The preparations of
4-carboxyphenylboronic acid and its acid chloride derivative (5)
were reported previously.17

Poly(L-lysine) derivative with a dansyl group. To a stirred solu-
tion of poly(-lysine) hydrobromide (100 mg, 0.48 unit mmol)
and triethylamine (0.33 ml, 2.40 mmol) in methanol (15 ml) at
0 �C was added dropwise a solution of dansyl chloride (9.0 mg,
0.033 mmol) in THF (6 ml) under a nitrogen atmosphere. The
reaction mixture was stirred for 12 h at room temperature and
then evaporated to dryness. The residue was dissolved in a small
amount of methanol and then poured into acetone. The pre-
cipitate was filtered off, yielding the required compound: yield
(51 mg, 77%). The molar ratio of the dansyl group to the amino
group of poly(-lysine) determined by 1H NMR spectroscopy
and elemental analysis was found to be 5 mol%:95 mol%
(Found: C, 57.3; H, 9.1; N, 22.5. (C6H12N2O)0.95 (C18H23N3-
O3S)0.05 requires C, 56.69; H, 9.04; N, 20.53%); δH (300 MHz;
CD3OD, 25 �C) 1.08–2.14 (6H, m, CH2), 2.58 (2.3H, bs, CH2,
CH3 in dansyl), 3.86 (1H, bs, CH), 7.01 (0.05H, d, J 7.4, ArH in
dansyl), 7.33–7.44 (0.1H, m, ArH in dansyl), 8.06 (0.05H, d,
J 7.4, ArH in dansyl), 8.30 (0.05H, d, J 8.5, ArH in dansyl),
8.55 (0.05H, d, J 8.5 Hz, ArH in dansyl).

Poly(L-lysine) derivative with a dansyl group and a phenyl-
boronic acid group (2). 4-Carboxyphenylboronic acid (300 mg,
1.81 mmol) was refluxed in thionyl chloride (6.6 ml, 90.5
mmol) containing a few drops of DMF under a nitrogen
atmosphere for 2 h. The reaction mixture was concentrated to
dryness under reduced pressure and the residue dissolved in
THF (15 ml). This solution was added dropwise to a stirred
solution of the poly(-lysine) derivative with a dansyl group
(50 mg, 0.36 monomer unit mmol) and triethylamine (0.75
ml, 5.43 mmol) in methanol (15 ml) at 0 �C under a nitrogen
atmosphere. After stirring for 12 h at room temperature, the
reaction mixture was evaporated to dryness and the residue
dissolved in a small amount of methanol. This was then
added to acetone and the precipitate filtered off: yield (75 mg,
74%). The molar ratio of the dansyl group to the phenyl-
boronic acid group determined by 1H NMR spectroscopy
and elemental analysis was found to be 5 mol%:95 mol%
(Found: C, 57.4; H, 6.5; N, 10.5. (C13H17BN2O4)0.95 (C18H23-
N3O3S)0.05 requires C, 56.76; H, 6.22; N, 10.24%); δH (300
MHz; CD3OD, 25 �C) 1.02–2.09 (6H, m, CH2), 2.52 (0.3H,
bs, CH3 in dansyl), 3.16 (2H, bs, CH2), 3.86 (1H, bs, CH),
7.11 (0.05H, d, J 7.4, ArH in dansyl), 7.39 (3.9H, bs, ArH and
ArH in dansyl), 7.99 (0.05H, d, J 7.4, ArH in dansyl), 8.22
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(0.05H, d, J 8.5, ArH in dansyl), 8.33 (0.05H, d, J 8.5 Hz, ArH
in dansyl).

N-�-Acetyl-N-�-dansyl-L-lysine methyl ester. To a stirred
solution of N-α-acetyl--lysine methyl ester hydrochloride (954
mg, 4.00 mmol) and triethylamine (2.74 ml, 20.0 mmol) in
methanol (10 ml) at 0 �C was added dropwise a solution of
dansyl chloride (3.24 g, 12.0 mmol) in THF (20 ml) under a
nitrogen atmosphere. After stirring for 12 h at room temper-
ature, the reaction mixture was evaporated to dryness and the
residue purified by silica gel column chromatography eluting
with ethyl acetate–methanol (7 :1 v/v) to give N-α-acetyl-N-
ε-dansyl--lysine methyl ester as a yellow viscous oil: yield
(1.53 g, 88%); ν̃max/cm�1 (neat) 3293 (N–H), 1744, 1661 (C��O)
(Found: C, 57.9; H, 6.7; N, 9.7. C21H29N3O5S�0.2H2O requires
C, 57.44; H, 6.75; N, 9.57%); δH (300 MHz; CD3OD, 25 �C)
1.12–1.51 (6H, m, CH2), 1.85 (3H, s, CH3CO), 2.72 (2H, t, J 6.6,
CH2), 2.78 (6H, s, CH3 in dansyl), 3.57 (3H, s, COOCH3), 4.09
(1H, dd, J 7.7 and 5.1, CH), 7.18 (1H, d, J 7.4, ArH in dansyl),
7.45–7.51 (2H, m, ArH in dansyl), 8.09 (1H, d, J 7.4, ArH in
dansyl), 8.24 (1H, d, J 8.5, ArH in dansyl), 8.46 (1H, d, J 8.5
Hz, ArH in dansyl); m/z 436 (MH�).

Miscellaneous
1H NMR spectra were measured in CD3OD with a BRUKER
ARX300 apparatus, IR spectra on a SHIMADZU FT-IR
8100M, CD spectra on a JASCO J-720WI spectropolarimeter
and fluorescence spectra on a HITACHI F-4500 spectro-
photometer. Fluorescence polarization measurements were per-
formed with a Union Giken FS-501A fluorescence polarization
spectrometer; emission at 520 nm was monitored upon excit-
ation at 330 nm with a slit width of 3.5 nm for both excitation
and emission. The medium pH above 8.5, where the many spec-
tral changes were observed, was adjusted with 4.2 mmol dm�3

carbonate buffer, whereas pH below 8.5 was adjusted by adding
aqueous HCl solution.

References
1 H. A. Scheraga, Chem. Rev., 1971, 71, 195.
2 A. Ueno, K. Takahashi, J. Anzai and T. Osa, J. Am. Chem. Soc.,

1981, 103, 6410 and references cited therein.
3 F. Ciardelli, O. Pieroni and A. Fissi, J. Chem. Soc., Chem. Commun.,

1986, 264.
4 T. Kinoshita, M. Sato, A. Takizawa and Y. Tsujita, Macromolecules,

1986, 19, 51.
5 G. J. Schroepfer, Jr., Annu. Rev. Biochem., 1982, 51, 555; R. U.

Lemieux, Chem. Soc. Rev., 1989, 18, 347; M. Nakamura, K. Kirito,
J. Yamanoi, H. Nojiri and M. Saito, Cancer Res., 1991, 51, 1940.

6 For example, we have found that the oxygenation behaviour of
boronic acid modified myoglobin is controllable by saccharide
addition: T. Nagasaki, O. Kimura, I. Hamachi and S. Shinkai,
Chem. Lett., 1994, 1945.

7 K. Tsukagoshi and S. Shinkai, J. Org. Chem., 1991, 56, 4089;
Y. Shiomi, M. Saisho, K. Tsukagoshi and S. Shinkai, J. Chem. Soc.,
Perkin Trans. 1, 1993, 2111.

8 K. Kondo, Y. Shiomi, M. Saisho, T. Harada and S. Shinkai,
Tetrahedron, 1992, 48, 8239.

9 H. Murakami, T. Nagasaki, I. Hamachi and S. Shinkai, Tetrahedron
Lett., 1993, 34, 6273; J. Chem. Soc., Perkin Trans. 2, 1994, 975;
T. Imada, H. Murakami and S. Shinkai, J. Chem. Soc., Chem.
Commun., 1994, 1557.

10 K. R. A. S. Sandanayake and S. Shinkai, J. Chem. Soc., Chem.
Commun., 1994, 1083; K. R. A. S. Sandanayake, K. Nakashima and
S. Shinkai, ibid., 1994, 1621.

11 T. D. James, K. R. A. S. Sandanayake and S. Shinkai, J. Chem. Soc.,
Chem. Commun., 1994, 477; Angew. Chem., Int. Ed. Engl., 1994, 33,
2207; G. Deng, T. D. James and S. Shinkai, J. Am. Chem. Soc., 1994,
116, 4567.

12 J. Yoon and A. W. Czarnik, J. Am. Chem. Soc., 1992, 114, 5874;
L. K. Mohler and A. W. Czarnik, ibid., 1993, 115, 2998.

13 M.-F. Paugam and B. D. Smith, Tetrahedron Lett., 1993, 34, 3723;
G. T. Morin, M. P. Hughes, M.-F. Paugam and B. D. Smith, J. Am.
Chem. Soc., 1994, 116, 8895; P. R. Westmark and B. D. Smith, ibid.,
1994, 116, 9343.

14 Y. Nagai, K. Kobayashi, H. Toi and Y. Aoyama, Bull. Chem. Soc.
Jpn., 1993, 66, 2965.

15 G. Wulff, B. Heide and G. Helfmeier, J. Am. Chem. Soc., 1986, 108,
1089; G. Wulff and H.-G. Poll, Makromol. Chem., 1987, 188, 741.

16 For comprehensive reviews, see G. Wulff, Pure Appl. Chem., 1982,
54, 2093; F. Ohseto, K. Nakashima and S. Shinkai, Yukagaku
(J. Jpn. Oil Chem. Soc.), 1994, 43, 845; T. D. James, K. R. A. S.
Sandanayake and S. Shinkai, Angew. Chem., Int. Ed. Engl., 1996, 35,
1910; T. D. James, P. Linnane and S. Shinkai, Chem. Commun.
(Feature Article), 1996, 281; S. Shinkai and M. Takeuchi, Trends
Anal. Chem., 1996, 15, 418.

17 T. Nagasaki, T. Kimura, S. Arimori and S. Shinkai, Chem. Lett.,
1994, 1495; T. Kimura, S. Arimori, M. Takeuchi, T. Nagasaki and
S. Shinkai, J. Chem. Soc., Perkin Trans. 2, 1995, 1889.

18 N. Greenfield and G. D. Fasman, Biochemistry, 1969, 8, 4108.
19 E. R. Blout, C. de Loze, S. M. Bloom and G. D. Fasman, J. Am.

Chem. Soc., 1960, 82, 3787.
20 J. P. Lorand and J. O. Edwards, J. Org. Chem., 1959, 24, 769.
21 D. W. Urry and M. M. Long, Biochem. Biophys. Res. Commun.,

1974, 61, 1427.
22 J. C. Norrild and H. Eggert, J. Am. Chem. Soc., 1995, 117, 1479 and

references cited therein.
23 M. Takeuchi, T. Mizuno, H. Shinmori, M. Nakashima and S.

Shinkai, Tetrahedron, 1996, 52, 1195; H. Shinmori, M. Takeuchi
and S. Shinkai, J. Chem. Soc., Perkin Trans. 2, 1998, 847; M.
Takeuchi, T. Imada and S. Shinkai, J. Am. Chem. Soc., 1996, 118,
10658.

24 J. C. Norrild and H. Eggert, J. Chem. Soc., Perkin Trans. 2, 1996,
2583.

25 In low molecular-weight diboronic acid derivatives, the CD band
appears only when saccharide-containing cyclic complexes (1 :1
complexes) are formed.7,8,11,16,23 In contrast, non-cyclic one
diboronic acid/two saccharide complexes (1 :2 complexes) are
usually CD-silent.7,8,11,16,23 Hence, glucose-bridged complexes with
2, which is CD-active, can be regarded as a sort of saccharide-
containing cyclic complexes.

26 Y.-H. Li, L.-M. Chan, L. Tyer, R. T. Moody, C. M. Himel and
D. M. Hercules, J. Am. Chem. Soc., 1975, 79, 3118; T. Torii,
T. Yamashita and K. Horie, Biopolymers, 1994, 34, 101.

27 In the presence of these oligosaccharides the positive CD band
characteristic of the β-turn structure did not appear even in high pH
region: instead, a transition from helix to random coil was induced.
Basically, these oligosaccharides possess 1,2-diol and 4,6- or 5,6-diol
groups similar to -glucose at their chain ends and should preserve
an ability to bind two boronic acid groups. Therefore, this result
may be rationalized by the flexibility of these oligosaccharides that
cannot force the main chain to adopt the crooked, energetically
unfavourable β-turn structure.


