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Glycogen, highly branched (1?4)(1?6)-linked a-D-glucan, can be extracted from natural sources such as
animal tissues or shellfish (natural source glycogen, NSG). Glycogen can also be synthesized in vitro from
glucose-1-phosphate using the cooperative action of a-glucan phosphorylase (GP, EC 2.4.1.1) and branch-
ing enzyme (BE, EC 2.4.1.18), or from short-chain amylose by the cooperative action of BE and amylo-
maltase (AM, EC 2.4.1.25). It has been shown that enzymatically synthesized glycogen (ESG) has
structural and physicochemical properties similar to those of NSG. In this study, the fine structures of
ESG and NSG were analyzed using isoamylase and a-amylase. Isoamylase completely hydrolyzed the
a-1,6 linkages of ESG and NSG. The unit-chain distribution (distribution of degrees of polymerization
(DP) of a-1,4 linked chains) of ESG was slightly narrower than that of NSG. a-Amylase treatment revealed
that initial profiles of hydrolyses of ESG and NSG were almost the same: both glycogens were digested
slowly, compared with starch. The final products from NSG by a-amylase hydrolysis were glucose, malt-
ose, maltotriose, branched oligosaccharides with DP P 4, and highly branched macrodextrin molecules
with molecular weights of up to 10,000. When ESG was digested with excess amounts of a-amylase,
much larger macrodextrins (molecular weight > 106) were detected. In contrast, oligosaccharides with
DP 4-7 could not be detected from ESG. These results suggest that the a-1,6 linkages in ESG molecules
are more regularly distributed than those in NSG molecules.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Glycogen, the major storage polysaccharide in animals and
microorganisms, is a construct of highly branched (1?4)(1?6)-
linked a-D-glucoses with a high molecular weight (106–109).1 Elec-
tron microscopy has shown that glycogen consists of spherical par-
ticles with diameters of 20–40 nm (b-particles), which often
associate into much larger a-particles (�200 nm). The molecular
weight of an individual b-particle has been shown to be approxi-
mately 107.1 Glycogen is opalescent (milky-white and slightly blu-
ish) in aqueous solution, and gives a reddish-brown color with the
addition of iodine. Glycogen was successfully synthesized in vitro
several decades ago by Cori and Cori2 using a-glucan phosphory-
lase (GP; EC 2.4.1.1), and branching enzyme (BE; EC 2.4.1.18) as
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catalysts and glucose-1-phosphate (G-1-P) as substrate. Since their
study, many researchers have synthesized glycogen and revealed
that the enzymatically synthesized glycogen (ESG) has structural
and physicochemical properties similar to those of natural source
glycogen (NSG). However, no detailed comparison between ESG
and NSG has been performed.

Recently, we developed two enzymatic synthesis methods for
glycogen. The first method, the SP–GP–BE method, is a modifica-
tion of Coris’ method, in which sucrose is used as a starting mate-
rial and three enzymes, sucrose phosphorylase (SP; EC 2.4.1.7), GP,
and BE, are used as catalysts. In the second method, the IAM–BE–
AM method, starch is used as a starting material.3 First, the
branched linkages of starch are hydrolyzed using isoamylase
(IAM; EC 3.2.1.68) to produce a mixture of short chain amyloses.
Then, the amyloses are assembled into glycogen by the action of
BE in the presence of amylomaltase (AM; EC 2.4.1.25). ESG derived
by these methods was easily soluble in water and gave an opales-
cent solution resembling NSG.3 The structural parameters and io-
dine-staining properties of ESG and NSG were also similar, as
summarized in Table 1, suggesting that the molecular size and
shape of ESG closely resemble those of NSG. As a food component,
glycogen has long been considered to have health benefits,
although there are a few supporting scientific evidences. We have
been shown that orally administered ESG has a survival benefit for
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Table 1
Structural parameters of glycogens

ESG/NSG Sample name or source Synthetic method or manufacturer Mw
a � 10�6 Mn

b � 10�6 Mw/Mn a-1,6 Linkage (%) CLc ECLd ICLe kmax (nm)

ESG B IAM-BE-AM 5.0 4.0 1.3 8.6 11.6 7.6 3.0 453
7M IAM-BE-AM 7.0 5.6 1.3 10.1 9.9 6.2 2.7 399
12M IAM-BE-AM 11.3 3.9 2.9 10.8 9.3 6.3 2.0 396
A SP-GP-BE 24.2 19.8 1.2 8.4 11.9 7.5 3.4 464

NSG Bovine liver Sigma type IX 2.0 1.7 1.2 8.4 11.9 7.0 3.9 409
Oyster Wako 6.0 4.9 1.2 9.8 10.2 6.6 2.7 451
Mussel Laboratoirs Serobiologique 5.1 4.5 1.1 9.4 10.6 6.5 3.1 448
Slipper limpet Sigma Type VIII 4.8 3.7 1.3 11.1 9.0 5.3 2.7 402
Rabbit liver Sigma type III 15.7 12.6 1.2 8.0 12.5 7.7 3.9 468
Sweet corn Q.P. 19.8 17.4 1.1 7.5 13.3 8.2 4.1 468

a Weight-average molecular weight.
b Number-average molecular weight.
c Number-average chain length, CL = [Total sugars as glucose]/[non-reducing end residues].
d Exterior chain length, ECL = CL � b-Amylolysis (%)/100 + 2.
e Interior chain length, ICL = CL–ECL � 1.
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tumor-bearing mice.4 Sasaki and his colleagues also suggested the
anti-tumor effects of oyster extracts and sweet corn extracts which
contain glycogen.5,6 For application of glycogen in human health,
better understanding of structural properties of glycogen should
be important. The aim of this study is to characterize the fine struc-
tural properties, such as unit-chain distribution and arrangement
of branch linkages, in the ESG and NSG molecules.

2. Results and discussion

2.1. Isoamylase treatment of ESG and NSG

Isoamylase is one of the most powerful tools for structural anal-
ysis because the enzyme can completely hydrolyze the a-1,6 link-
ages of NSG.7 We tested whether ESG can be completely
hydrolyzed by isoamylase. NSG and ESG were treated with isoam-
ylase and then incubated with b-amylase. HPAEC analysis demon-
strated that both ESG and NSG were quantitatively converted to
glucose, maltose, and a trace amount of maltotriose. b-Amylase is
an exo-type a-1,4 hydrolase which liberates maltose molecules
from the non-reducing end of glucan. However, the enzyme cannot
bypass a branch point. Therefore, the result clearly indicated that
ESG consists of a-1,4 and a-1,6 linkages, and that the a-1,6 link-
ages of ESG can be completely hydrolyzed with isoamylase, as
those of NSG can be.

2.2. Unit-chain distribution of ESG and NSG

The structural parameters of glycogens that were used in this
study are summarized in Table 1: average chain lengths (CLs),
average internal-chain lengths (ICLs), and average external-chain
lengths (ECLs). These values are similar to one another and are
within the variation of the reported values for glycogens from var-
ious sources,8 but may not reflect differences in fine structure.

In order to compare the structures of glycogens, the unit-chain
distributions were analyzed using HPAEC after isoamylase treat-
ment (Fig. 1). The unit-chain distributions of ESGs seemed to be re-
lated to the CL values of glycogens as expected: ESG-B and ESG-A,
with CL around 12, have relatively large amounts of longer unit
chains compared with ESG-7M and ESG-12M. In the case of NSGs,
their sources rather than CL values seemed to be related to their
unit-chain profiles. NSGs from shellfish (oyster, mussel, and slipper
limpet) share similar profiles, and those from animal livers have
similar patterns. Additionally, we noticed that NSGs have larger
amounts of long unit chains (degree of polymerization (DP): 25–
35) than ESGs. In other words, ESGs have narrower unit-chain dis-
tributions than NSGs.
2.3. a-Amylase treatment of ESGs and NSGs

It has been shown that porcine pancreatic a-amylase (PPA) can
hydrolyze a-1,4 linkages of NSG, when there are at least two suc-
cessive a-1,4-linked glucose units between the glucose units hold-
ing the a-1,6 linkages.9,10 The peripheral linear part of the NSG
molecule and also long inter-branch regions of NSG are converted
into glucose, maltose, and maltotriose.10 On the one hand, singly,
doubly, or triply branched oligosaccharides with DP P 4 were pro-
duced from the branched regions of NSG.9,10 Furthermore, larger
branched molecules with a DP of several tens were detected as
the end products from NSG and designated as a-macrodextrin.8,9

The branch points in the a-macrodextrin region are shown to be
separated by only one glucose or two glucose residues.8,9

To compare the hydrolysis profiles of ESGs with those of NSGs,
the glycogens were treated with PPA. In all cases reducing powers
changed similarly: the power increased rapidly and reached 75–
90% of the final values (24 h: 34–44% of total sugars) after 0.5 h
of the reaction. The reducing powers did not change greatly after
3 h of the reaction (data not shown). The compositions of saccha-
rides in the initial (0.5 h) and end (24-h) products were analyzed
by HPLC using an Aminex HPX42A column. In this analysis system,
oligosaccharides with DP 1–7 can be separated depending only on
their DP values, but not on the number of a-1,6 linkages.11 How-
ever, saccharides with DP P 8 could not be clearly separated
(Fig. 2), and macromolecules eluted together at around 7.5 min.
In the initial stages of hydrolysis (0.5 h), the elution profiles of di-
gests of ESG and NSG were similar: the major products were G2,
G3, G4, and macromolecules. Slight amounts of G5-7 were de-
tected only in the NSG digests. More noteworthy changes were ob-
served in the oligosaccharide compositions of final products (24-h).
In the final products of NSGs, we detected G1–G7 in addition to
macromolecules with DP P 8, in agreement with previous re-
ports.9,10 From the final products of ESGs, however, we detected
only G1, G2, G3, and macromolecules (Fig. 2 and Table 2).

To analyze the macromolecule fractions in a-amylase digests,
the reaction mixtures were subjected to HPSEC-MALLS-RI analysis
(Fig. 3). Using this method, we can precisely determine the molec-
ular weight (Mr) of glucans with Mr P 10 k, while glucans with Mr

below 10 k are barely detectable because of their weak scattering
of light and the interference with refractive index measurement
by buffer salts. Starch was rapidly degraded and its Mr was reduced
below the lower limit within 10 min under these hydrolysis condi-
tions (Fig. 3A and B). The molecular sizes of ESGs and NSGs were
more slowly reduced compared with those of starch (Fig. 3B and
D). We again observed remarkable differences between ESG and
NSG in the late stages of hydrolysis. Most NSGs, except that from
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Figure 1. Chain-length distributions of glycogen. Glycogens were subjected to HPAEC analyses after debranching with isoamylase. Chain lengths (DPs) are indicated above
the peaks.
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the slipper limpet, were degraded to glucans with Mr <10 k after 1
to 6 h reaction. In contrast, large molecules with 10–30% of the ori-
ginal size remained from all ESGs and slipper limpet NSG even
after 24 h of hydrolysis. These large molecules were not contami-
nants such as proteins, because the molecules were susceptible
to isoamylase treatment (data not shown). The proportion of large
molecules from ESG was around 40%, agreeing with the quantity of
macromolecules determined by Aminex HPX42A column (Table 2).
Therefore, most macromolecules from ESG detected by the Aminex
column were likely to have Mr P 10 k. On the other hand, the pro-
portion of large molecules from NSG was less than 20%, indicating
that most macromolecules from NSG were relatively small
(Mr < 10 k).

It has been shown that the a-macrodextrin regions with Mr up
to several thousands (DP; �several tens) are randomly dispersed
throughout the NSG molecule and that such regions are connected
to one another via less-dense regions that are susceptible to a-
amylase (Fig. 4A).8,9 In living cells, NSG molecules are subjected
to successive synthesis-degradation cycles corresponding to the
glucose/energy demand in cells, and an increased branching
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Figure 2. Oligoaccharide compositions of a-amylase hydrolyzates of NSG and ESG.
A 20-lL portion of the hydrolyzates was loaded onto the Aminex HPX42A column.
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density can result from the random placement of new branches on
existing structures during the synthesis cycle and from the relative
stability of the densely branched regions against degradative en-
zymes.9 Our results indicated that ESG has a huge a-macrodextrin
component in the molecule (Fig 4B). On the other hand, a-amylase
treatment of ESG did not produce branched oligosaccharides (G4–
Table 2
Oligosaccharide compositions of 24-h a-amylase hydrolyzates of ESGs and NSGs

ESG/NSG Sample name or source Relative composition of sacchari

PG8 G7

ESG B 34.6 N.D.a

7M 38.2 N.D.
12M 41.8 N.D.
A 32.0 N.D.

NSG Bovine Liver 44.3 3.7
Oyster 41.4 2.6
Mussel 35.5 3.6
Slipper limpet 43.0 2.6
Rabbit liver 34.8 4.5
Sweet corn 33.4 4.2

a N.D.: Not detected.
G7). These results suggested that all a-1,6 linkages of ESG were
present in the huge a-macrodextrin region and that there are no
long spans between a-1,6 linkages. Because of such structural
properties, a-amylase seemed to trim off only the peripheral parts
of the ESG molecule. We have already reported the isolation of par-
tially degraded molecules from ESG-B using human salivary a-
amylase.12 Structural parameters confirmed that almost all a-1,6
linkages in ESG remained in the partially degraded molecules (Ta-
ble 3).

Hydrolysis profiles of NSG indicated that a-1,6 linkages in NSG
were more irregularly positioned than those in ESG: the span be-
tween a-1,6 linkages is only 0-2 in some parts, while in another
parts the spans are wide enough to permit attack by a-amylase.
ESG is synthesized under much simpler circumstances than NSG,
in which no trimming reactions occur during the synthetic process.
This simplicity can result in a regular internal structure without
long spans between a-1,6 linkages. The narrower unit-chain distri-
bution (Fig. 1) should also reflect this simplicity. Slipper limpet
NSG also yielded a huge a-macrodextrin after hydrolysis. Even in
the natural environment, conditions in which the synthetic reac-
tion is greatly favored over any trimming reaction may result in
NSG molecules having a huge a-macrodextrin region. Since slipper
limpet NSG gave branched oligosaccharides (G4-7), the NSG may
be a mixture of NSG- (Fig. 4A) and ESG-type molecules (Fig. 4B).

2.4. Dietary fiber contents of ESG and NSG

The results shown above imply that orally ingested ESG and
NSG may be differently degraded from each other as they pass
through the gastrointestinal system. To test this possibility, we
used the Resistant Starch Assay Kit (Megazyme). This kit is de-
signed to evaluate the dietary fiber content of starchy food after
treatment with a mixture of pancreatic a-amylase and glucoamy-
lase to detect 50% ethanol insoluble material as ‘dietary fiber’. Con-
siderable amounts of fiber were detected from all ESG samples
(16.9% from ESG-A, B, and 12M, and 22.1% from ESG-7M), whereas
none (<0.2%) was derived from NSGs. The a-macrodextrin of slip-
per limpet NSG may be more sensitive to glucoamylase than that
of ESG.

All results shown in this paper strongly suggested that glyco-
gen, especially ESG, is digested from its external chains, and that
macromolecule fractions of glycogen molecules probably reach
the intestinal tract after oral ingestion. Recently, we demonstrated
that glycogen with Mw 5000–6500 k has a stimulating activity on
immunocompetent cells such as macrophages,12,13 and that the
activity is strictly related to its molecular weight. Furthermore, or-
ally administered ESG-A has a survival benefit for tumor-bearing
mice.4 We hypothesize that the macromolecule fraction after par-
tial hydrolysis of ESG that reached the intestinal tract stimulated
immunocompetent cells resulting in the health benefits. Investiga-
des (%)

G6 G5 G4 G3 G2 G1

N.D. N.D. N.D. 41.6 21.5 2.4
N.D. N.D. N.D. 40.7 19.7 1.4
N.D. N.D. N.D. 37.3 19.4 1.5
N.D. N.D. N.D. 43.3 22.1 2.5
2.8 1.5 7.0 28.0 12.4 0.4
4.3 2.6 1.8 13.3 28.0 6.0
4.2 1.8 0.5 28.1 22.7 3.5
2.8 0.9 0.2 29.1 18.5 2.9
3.7 1.4 0.5 32.6 20.5 1.9
3.4 1.4 0.5 31.3 23.2 2.5
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Figure 3. Changes in amount (A, C) and relative Mw (B, D) of macromolecule fraction after a-amylase treatments of ESG (A, B) and NSG (C, D). A 30-lL portion of the
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α-Amylase Branched oligosaccharides (G4-7)

α-Amylase

(Mw: ~ 10 k)

(Mw: 1000 k ~ 1600 k)

Saccharides (G1-3)

Saccharides (G1-3)

α-Macrodextrin

Huge α-macrodextrin

Figure 4. Models of molecular structures of glycogens and the a-amylase-hydro-
lysis profiles of glycogens. (A) Model of the molecular structure of NSG, based on the
study by Brammer et al. 9 The gray circles indicate a-macrodextrin regions and the
dotted line indicates the periphery of the glycogen molecule. The remaining part of
the molecule indicates the less branched region, which is susceptible to a-amylase
treatment. Three types of products were observed in the a-amylase digests:
saccharide (glucose, maltose, and maltotriose), branched oligosaccharides (G4–G7),
and a-macrodextrin. Open and closed circles indicate glucosyl units and reducing-
end glucosyl units, respectively. Horizontal and vertical lines in the illustration of
oligosaccharides indicate a-1,4 and a-1,6 linkages, respectively. The structures of
branched oligosaccharides are presumed from the oligosaccharide structures
derived from amylopectin.10 (B) Models of the molecular structure of ESG and its
hydrolysis profile with a-amylase.
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tions in vivo are now in progress to gain a further understanding of
the effect of orally administered glycogen.

3. Experimental

3.1. Glycogens

NSG from oysters was purchased from Wako Pure Chemical
(Osaka, Japan), and NSGs from bovine liver, rabbit liver, and slipper
limpet were obtained from Sigma Chemical Co., St. Louis, MO,
U.S.A. NSG from mussels was a product of Laboratoires Serobiolog-
ique, France. Phytoglycogen of sweet corn was obtained from the
Q.P. Corporation, Tokyo, Japan. ESG-A synthesized by the SP–GP–
BE method was described previously.4,12,13 By changing reaction
conditions in the IAM–BE–AM method, molecular sizes can be con-
trolled.3 ESG-B12,13 was synthesized by this method from 4% (w/v)
of partially hydrolyzed starch with dextrose equivalent 3.3 ESG-7M
was synthesized from 10% (w/v) partially hydrolyzed starch (dex-
trose equivalent, 9). ESG-12M was also synthesized from the same
substrate, but a small amount of ESG-7M was added in the reaction
mixture as a primer molecule. By addition of the primer, a larger
size of ESG can be obtained although molecular weight distribution
is broadened. The structural parameters of NSGs and ESGs that are
used are summarized in Table 1. Number-average chain length
(CL), exterior chain length (ECL), and interior chain length were
calculated by the following equations:

CL ¼ ½Total sugars as glucose�=½non-reducing end residues�;

ECL ¼ CL� b-amylolysisð%Þ=100þ 2;

ICL ¼ CL—ECL� 1:

Total sugars were determined by the phenol-sulfuric acid method.14

Non-reducing end residues were quantified as glycerol by using a
commercially available kit (Behringer Mannheim, Tokyo, Japan)
after rapid Smith-degradation.15 b-Amylolysis limit was determined
as described by Takeda et al.16 The absorption spectrum of iodine-
glycogen complex was determined by the method of Krisman.17

3.2. Enzymes

Isoamylase from Pseudomonas amyloderamosa (crystalline form)
was purchased from Hayashibara Biochemical Laboratories (Oka-
yama, Japan). Isoamylase treatment of glycogen was carried out
as described by Rani et al.18 b-Amylase from sweet potato (Type
I-B) and a-amylase from porcine pancreas (Type I-A) were



Table 3
Structural parameters of partially degraded ESG

Sample name Mw � 10�6 Mn � 10�6 Mw/Mn a-1,6 Linkage (%) CL ECL ICL

% No/moleculea

ESG-B 5.0 4.0 1.3 8.6 2120 11.6 7.6 3.0
a1-ESG-B 3.1 2.4 1.3 16.4 2430 6.1 3.1 2.0
a2-ESG-B 1.9 1.5 1.3 23.3 2140 4.3 2.2 1.1

a The number of a-1,6 linkages in a molecule, No/molecule = Mn/162 � a-1,6 linkage (%).
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obtained from Sigma. a-Amylase treatment of glycogen was car-
ried out as follows. The reaction mixture (6 mL) consisting of
5 mg/mL glycogen in 10 mM sodium phosphate buffer (pH 7.0)
and a-amylase (300 U/g of substrate) was incubated at 37 �C. At
intervals, 1 mL of the mixture was removed and boiled for 5 min
to stop reaction.

3.3. High-performance liquid chromatography (HPLC) analysis

Three types of HPLC were used as follows. Glycogen was com-
pletely debranched with isoamylase, and the unit-chain distribu-
tions were analyzed using high-performance anion exchange
chromatography (HPAEC) as described previously.19

The compositions of oligosaccharides after a-amylase treat-
ment of glycogens were analyzed by HPLC using an Aminex
HPX42A column (Bio-Rad Laboratories, CA, USA). A 20 ll sample
of each digest was injected into the column and elution was mon-
itored with a differential refractive index detector. Elution was car-
ried out at 75 �C with distilled water at a flow rate of 0.5 mL/min.

Macromolecule fractions after a-amylase treatment of glyco-
gens were analyzed by high-performance size-exclusion chroma-
tography (HPSEC) equipped with a multi-angle laser light
scattering detector (MALLS; DAWN HELEOS, Wyatt Technology
Corp., CA, USA) and a differential refractive index detector. Col-
umns were Shodex OH-pak SB-806M HQ (6.0 � 300 mm, Shoko
Co., Ltd., Tokyo, Japan) with a precolumn (OH-pak SB-G). Elution
was carried out at 40 �C with 0.1 M NaNO3 at a flow rate of
1.0 mL/min. Weight-average Mr and quantities of macromolecule
fractions eluted from 6.5 min to 10 min were calculated using
the software ASTRA (Wyatt Technology).

3.4. Other procedures

The reducing power of glucan was determined with the dinitro-
salicylic (DNS) acid method as follows. Sample solution (0.3 mL)
was mixed with DNS reagent (0.6 mL) and heated in a boiling
water bath for 5 min. The mixture was cooled with tap water
and diluted with 2.7 mL of distilled water. Absorbance at 535 nm
was measured to determine the reducing power using glucose as
a standard. The DNS reagent was prepared by mixing 0.5 g of
3,5-dinitrosalicylic acid dissolved in 20 mL of 2 N NaOH and 30 g
of sodium potassium tartrate dissolved in 50 mL of distilled water
and by adjusting the volume to 100 mL with distilled water. Die-
tary fiber content of glycogen was tested with the Resistant Starch
assay kit of Megazyme International Ireland Ltd (Wicklow, Ireland)
according to manufacturer’s instructions. Unless otherwise speci-
fied, all chemicals were obtained from Wako Pure Chemicals (Osa-
ka, Japan).
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