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Abstract

Suitable conditions for the ¯uorescent labeling of the reducing residue of amylose with 2-ami-
nopyridine were examined. Amylose of up to 38.5 nmol was labeled with a constant labeling e�-
ciency. The same e�ciencies were obtained for amyloses having a number-average degree of
polymerization (dpn) of 521±4400. The analysis of labeled amylose on size-exclusion HPLC with
refractive index and ¯uorescence detection enabled the determination of dpn and dp distribution
on a molar basis. The analysis of eight amylose specimens from seven botanical sources (potato,
sweet potato, barley, wheat, indica rice, japonica rice, and maize) gave dpn values in good agree-
ment with those determined by a conventional colorimetric method. The molar-based distributions
of these amyloses were characteristic of botanical source and revealed the presence of several
molecular species with di�erent dp not detectable in the distribution on a weight basis. Small
amyloses with a dp less than 103 were predominant in the cereals while amyloses with a dp over
103 were predominant in the tubers, suggesting a di�erence in the biosynthetic process determining
the dp distribution of amylose between cereals and tubers. # 1998 Elsevier Science Ltd. All rights
reserved
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1. Introduction

The molecular structures of amylose and amylo-
pectin are characteristic of botanical source and
a�ect the physicochemical properties of starch.
Several parameters have been reported to express

their structural characteristics [1,2], including dp
distributions of (unit) chains. High performance
size-exclusion chromatography (HPSEC) with
refractive index (RI) detection is most convenient
for the analysis of the distributions because carbo-
hydrate has no functional group suitable for other
on-line determination. High-performance anion-
exchange chromatography with pulsed ampero-
metric detection (HPAEC±PAD) has been also
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frequently used, especially for relatively short
chains (up to a dp of about 80) [3,4]. However, the
detector response of malto-oligosaccharides di�ers
with dp [3,5] so that the resultant chromatogram is
presented on neither weight nor molar basis.
Recently, the combination of an amyloglucosidase
column reactor and HPAEC±PAD has been
reported [6,7]. With this system, approximately the
same detector responses were obtained for malto-
saccharides with a dp of up to 7 on both weight
and molar bases, and it appeared to be useful to
determine quantitatively malto-oligosaccharides up
to dp 77 [7].

Introduction of a radioactive compound or a
chromo- or ¯uorophore, to the reducing terminal
of carbohydrate is one of the conventional tech-
niques to examine a molar-based distribution.
Takeda et al. examined the molar-based distribu-
tions of tritium-labeled amylose and side-chains of
amylose [8,9]. However, the method was time-con-
suming because of the absence of HPLC system.
Stefansson and Novotny [10], and O'Shea and
Morell [11] reported ¯uorescent labeling and elec-
trophoretic separation of amylose and debranched
amylopectin. In these studies, however, the quanti-
tative considerations were poor for labeling malto-
saccharides with a dp higher than 8, and an acetic
acid solution used [10±13] on labeling appeared to
be unsuitable for amylose because of incomplete
dissolution and possible hydrolysis.

In this study, we examined the labeling condi-
tions suitable for quantitative labeling of amylose
using 2-aminopyridine which was reported [14] to
be useful for labeling oligosaccharides, and both
dpn and molar-based distribution of amylose were
determined by HPSEC after the ¯uorescent label-
ing.

2. Experimental

Materials.Ð2-Aminopyridine (a special grade
for ¯uorescent labeling) and sodium cyanoborohy-
dride were purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan) and Aldrich Chem-
ical Co. Inc. (Milwaukee, WI, USA), respec-
tively. Synthetic amyloses (AS series) were
obtained from Nakano Vinegar Co., Ltd. (Aichi,
Japan). Amyloses from various botanical sources
were fractionated from defatted starches as
1-butanol complex and puri®ed by ultracentri-
fugation as previously described [15], but potato

amylose was puri®ed only by recrystallization from
10% 1-butanol. A commercial potato amylose
(type II) which was a product of Sigma Chemical
Co. (St. Louis, MO, USA) was puri®ed as descri-
bed [16]. Other reagents were of the highest grade
commercially available.

Fluorescent labeling of amylose.Ð2-Aminopyr-
idine (2-AP) solution was prepared by dissolving
1 g of 2-AP in 760�L of 12M HCl [17]. Aqueous
sodium cyanoborohydride (NaCNBH3) was pre-
pared just before use by dissolving 52.9mg of
NaCNBH3 in 100�L of water. Amylose was dis-
solved in 90% Me2SO by heating and diluted 1.8-
fold with water (up to 385 nmol/mL; for HPSEC
analysis, 20mg/mL). To 100�L of the amylose
solution in a Te¯on-lined screw capped tube was
added 100�L of the 2-AP solution, the mixture
was incubated at 60 �C for 1 h, 100�L of the aque-
ous NaCNBH3 was added, and the mixture was
further incubated for 24 h. After the tube was
opened under e�ective ventilation, the mixture was
diluted to 10-fold with 2.7mL of water, and 300�L
of 1-butanol and 3�L of 2M NaCl were added.
Then the mixture was stored at 4 �C for at least 1 h
to precipitate amylose. Excess reagents were
removed by washing the precipitate with 3mL of
10% 1-butanol containing 6mM NaCl ®ve times at
5 �C. The washed amylose was dissolved in 2mL of
water and the ¯uorescence intensity was measured
(excitation, 315 nm; emission, 400 nm) with a
¯uorescence spectrophotometer (F-2000, Hitachi
Ltd., Tokyo, Japan). For HPSEC analysis, the
washed amylose precipitate was stored at 4 �C until
use.

High performance size-exclusion chromatography
of labeled amylose.ÐHPSEC was performed with
a HPLC system consisting of a liquid chromato-
graph (HLC-803D, Tosoh Co., Tokyo, Japan), a
TSK guard column PWH (7.5�75mm), analytical
columns of TSKgel G6000PW, G4000PW and
G3000PW (connected in series in this order,
7.5�600mm each, all from Tosoh), a ¯uorescence
detector (FS-8010, Tosoh) and a refractive index
detector (ERC-7512, Erma Inc., Tokyo, Japan).
Excitation and emission wave lengths were 315 and
400 nm, respectively. The eluent was 0.1M phos-
phate bu�er (pH 6.1) containing 0.02% sodium
azide and the ¯ow rate was 0.5mL/min. The tem-
perature of the columns was maintained at 37 �C.
The labeled amylose (2mg) was dissolved in 50�L
of 1M NaOH, and gradually diluted with 700�L
of water. To the amylose solution were added
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200�L of 0.5M phosphate bu�er (pH 6.1) and
50�L of 1M HCl, then 500�L (1mg of amylose)
of the solution was injected after ®ltration through
a 0.22�m membrane ®lter. Dpn of amylose was
calculated from the ratio of RI response (peak
area) to ¯uorescence response (RI/F) using a cali-
bration line which was obtained from the RI/F
values for standard amyloses (AS-110, AS-320, and
AS-1000, which have dpn of 521, 2320, and 4400,
respectively, as determined by a colorimetric
method [18]). The time-lag between the response
pro®les of the two detectors was corrected [19] by
using bovine serum albumin (excitation, 280 nm;
emission, 340 nm).
Other analytical methods.ÐTotal carbohydrate

and reducing residue were determined by the phe-
nol±sulfuric acid method [20] and the modi®ed
Park±Johnson method [18], respectively.

3. Results and discussion

Labeling of amylose with 2-aminopyridine and
determination of number-average dp by ¯uorescent
labeling.ÐAmylose could not be dissolved com-
pletely in an aqueous solution even by heating in a
boiling water bath, and at high concentration,
amylose is precipitated by addition of aqueous
acetic acid. Therefore, amylose was dissolved in
Me2SO and subjected to labeling with 2-AP (pos-
sible without acetic acid [17]). After removal of
excess reagents, the recovery of amylose was higher
than 95%. The time course of reduction with
NaCNBH3 showed that the residual reducing
power was less than 3% after 24 h. Even after 48 h,
about 2% of the residual reducing power was still
detected, and the introduced ¯uorescence intensity
increased slightly. Hence, for convenience, the 24 h
reduction was performed routinely. Labeling of
amylose with 8-aminonaphthalene-1, 3, 6-tri-
sulfonic acid (ANTS) was incomplete under the
standard condition (7.5% acetic acid, 37 �C, ref.
[13]) with slightly decreased concentrations of
ANTS and NaCNBH3 (68 and 455mM, respec-
tively) due to increased volume by amylose solu-
tion. Moreover, increase of reducing power during
incubation without the labeling reagents was
observed when either the acetic acid concentration
was higher than 7.5% or temperature was higher
than 37 �C, due to acid hydrolysis of amylose.
Therefore, labeling of amylose with ANTS could
not be adopted.

The introduced ¯uorescence intensity (Fig. 1)
was proportional to the amount of amylose up to
38.5 nmol. Labeling of amylose of higher than
38.5 nmol was impractical because of the high
viscosity and uneasy handling of amylose solution.
Fluorescence intensity per nmol of amylose was
almost constant (868�42) in the range tested.
These results indicated that amylose was labeled
quantitatively under the conditions described. The
synthetic amyloses with di�erent dpn showed a
linear relationship between the ratio of RI response
to ¯uorescence response (RI/F) and dpn value
(Fig. 2), indicating no decrease in labeling e�-
ciency with increase in dp of amylose. Hence, the
dpn of amylose specimens can be determined from
an RI/F value calculated from the peak area using
the calibration line obtained from amyloses with
known dpn. Plots for eight amyloses from botani-
cal source (Fig. 2) showed a linear relationship
with a correlation coe�cient of 0.996 and well ®t

Fig. 2. Relationship between the ratio of RI response to
¯uorescence response and dpn determined by HPSEC and a
colorimetric method: *, synthetic amylose; *, amylose from
botanical source.

Fig. 1. Relationship of introduced ¯uorescence intensity to
amount of amylose: *, ¯uorescence intensity; *, ¯uorescence
intensity per nmol of amylose. Amylose with dpn of 796, pur-
i®ed from commercial potato amylose, was used.
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with the calibration line obtained from the synthetic
amyloses. The dpn was determined from the RI/F
value, and compared with the dpn obtained by the
colorimetric method (Table 1). These values were
in good agreement although maize and rice amy-
loses had a dpn slightly higher than that obtained
by the colorimetric method. The RI/F values for
these amyloses were reproducible (RSD<5.5%).
Characteristics in molar-based distributions of

amyloses from various sources.ÐThe pro®les
(Fig. 3) obtained by ¯uorescence and RI detection
correspond to molar- and weight-based distribu-
tions, respectively. The molar-based distribution of
amylose was of characteristic by botanical source
as with that determined on a weight basis [19], but
the di�erence in dp distribution with the source
was visualized more clearly on a molar basis than
on a weight basis. From the ¯uorescent response
pro®les except for rice and maize, the presence
of two or three molecular species was obvious. The
rice and maize amyloses gave a similar ¯uorescent
pro®le showing a sharp (and apparently single)
peak, but a faint shoulder was observed around the
retention time of the peak of an RI response pro-
®le, suggesting also two (a major and another
minor) molecular species. It was of interest that in
the case of the rice and maize amyloses, molar-
based distributions con¯icted with weight-based
distributions that implied three major molecular
species. Distribution of all amyloses on a molar
basis revealed that small molecules are a major
species by number and occupy only a small pro-
portion by weight. The above results on rice and
maize agreed with those reported previously [8,9].

Because an accurate determination of the highest
and the lowest dp values was di�cult from the
chromatograms, the range of apparent dp dis-

tribution (Table 1) was expressed conveniently as
dp values of both the positions at which 10 and
90% of amylose molecules were eluted (Fig. 3).
The tuber amyloses had about a 2±3 times wider
distribution than the cereal amyloses. In the case of
potato, barley, and maize, the elution position of
90% of molecules was out of the range of dp plots.
But its dp value could be obtained from the extrap-
olated line because the ranges of dp plot for eight
specimens overlapped with each other between 102

and 2�104. For detailed comparison, a ¯uores-
cence response pro®le was divided into subfrac-
tions by dp for each 103 and mol percentages of
each subfraction were calculated (Fig. 4(A)). The
cereal and tuber amyloses were quite di�erent in dp
distribution. The tuber amyloses showed a very
wide dp distribution and contained a signi®cant
amount of very large molecules (dp>104). On the
other hand, all of the cereal amyloses showed a
similar dp distribution with a predominance of
molecules with a dp below 103. The subfraction
with a dp below 103 was further divided by dp for
each 102 (Fig. 4(B)). The cereal amyloses showed
distributions characteristic to each source, and it
was of interest that the maximum proportion
appeared at dp 2±3�102 except for indica rice (dp
3±5�102). The dp distribution in japonica rice was
similar to that in maize, but di�erent from that in
indica rice. The tuber amyloses showed distinct
patterns from the cereal amyloses. The subfraction
with a dp below 102 was not detected in any speci-
mens. This appeared to be caused by the failure to
form a 1-butanol complex during starch fractiona-
tion, rather than an absence of the corresponding
amylose in starch, because linear, small molecules
were found in the amylopectin fraction of amylo-
maize starch [21]. The results (Fig. 4) revealed that

Table 1
Dpn and apparent dp distributions of amyloses

Source Dpn determined by Apparent dp distributiona

Labeling method Colorimetric method

Potato 4370 4400 9770±970
Sweet potato 3230 3320 7920±440
Barley 1580 1750 3880±260
Wheat 1220 1230 3130±190
Rice (indica) 1410 1190 3100±290
Rice (japonica) 1150 963 2750±230
Maize 1030 891 2370±230
Potato (commercial) 807 796 1730±220

a The dp values of the elution positions at which 10 and 90% of amylose in mol were eluted.
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Fig. 3. Chromatograms of labeled amyloses: solid line, ¯uorescence response; dotted line, RI response; *, dp. Numbers with
arrows indicate dp. The dp was calculated from the RI/F value, of which each response was measured as the height at corre-
sponding elution position, using the calibration line in Fig. 2.

Fig. 4. Dp distribution expressed by mol percentage for each dp 103 (A) and dp 102 (B).
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the major molecular species of amylose had a much
lower dp than dpn for whole amylose, and also
suggested that the dp distribution of amylose is
determined by di�erent mechanisms during the
biosynthetic process in tubers and cereals.

Granule-bound starch synthase (GBSS) is
believed to play a role in amylose biosynthesis in
vivo. GBSS has been found in a few isoforms. The
di�erence in dp distribution of amylose might
depend on the amount and enzymic properties of
each isoform. Another possible explanation is that
the amount of primers for amylose synthesis
determines dpn of amylose. However, it is di�cult
to examine these possibilities due to very limited
knowledge on the role of each GBSS isoform and
on primers.

The method described here will be applicable to
amylose having a dp>102 and probably many
kinds of polysaccharides having reducing terminals
if they are precipitated by solvent (e.g. ethanol).
Examination of chain-length distribution of amy-
lopectin is now under way.
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