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Glycogen debranching enzyme (GDE) has two distinct active sites for its 4-a-glucano-
transferase and amylo-a-1,6-glucosidase activities. The GDE 4-a-glucanotransferases of
mammals show stringent donor specificity; only a-glucans with an a-1,6–linked maltote-
traosyl or maltotriosyl branch function as donors of a maltotriosyl or maltosyl residue.
In this study, we investigated the acceptor specificity of the 4-a-glucanotransferases
using methyl a-maltooligosides, p-nitrophenyl a-maltooligosides, and pyridylaminated
maltooligosaccharides of various sizes as the acceptor substrates, and phosphorylase
limit dextrin as the donor substrate. High-performance liquid chromatography analysis
of the transfer products indicated that maltotriosyl and maltosyl residues were specifi-
cally transferred from phosphorylase limit dextrin to acceptors with a maltopentaosyl
residue comprising a nonreducing-end. These results suggest that the acceptor binding
sites in the active sites of mammalian GDE 4-a-glucanotransferases are composed of
tandem subsites that are geometrically complementary to five glucose residues.

Key words: acceptor binding site, acceptor specificity, 4-a-glucanotransferase, glycogen
debranching enzyme, transglycosylation.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; GDE, glycogen debranching enzyme; Glc, D-glucose;
GlcPA, 1-deoxy-1-[(2-pyridylamino)-D-glucitol]; HPLC, high-performance liquid chromatography; PA,
pyridylamino; pNP, p-nitrophenyl.

Glycogen debranching enzyme (GDE) is a multicatalytic
enzyme, containing distinct active sites for 4-a-glucano-
transferase (1,4-a-glucan: 1,4-a-glucan 4-a-glycosyltrans-
ferase, EC 2.4.1.25) and amylo-a-1,6-glucosidase (glycogen
phosphorylase limit dextrin a-1,6-glucohydrolase, EC
3.2.1.33) on a single polypeptide chain (1–7). This enzyme
degrades glycogen in concert with glycogen phosphorylase
(8). Glycogen phosphorylase catalyzes the removal of a-1,4-
glucosyl residues from the outermost chains of the glycogen
molecule until approximately four glucose residues remain
on either side of the a-1,6-branching (9–11). GDE then
removes the a-1,6–linked lateral branch to allow phosphor-
ylase degradation to continue. The 4-a-glucanotransferase
removes the maltooligosyl residue from the lateral branch
by transglycosylation to expose a 6-O-a-glucosyl residue,
and the amylo-a-1,6-glucosidase hydrolyzes the a-1,6-
glycosidic linkage of the product.

A deficiency of GDE activity causes type III glycogen
storage disease (12–14). Although measurement of GDE
activity is very important for a clinical diagnosis, a
universal assay method has not been established because
the properties of GDE are not understood well enough. One
of the most important characteristics of GDE is the
substrate specificity of the 4-a-glucanotransferase. Knowl-
edge of the substrate specificity is the basis for elucidating
the catalytic mechanism, which will allow establishment of
an enzyme assay.

It is well known that the GDE 4-a-glucanotransferases
of mammals show stringent donor specificity (15, 16). Only

a-glucans with an a-1,6–linked maltotetraosyl or malto-
triosyl branch function as donors of a maltotriosyl or mal-
tosyl residue, and phosphorylase limit dextrin is
considered to be the best donor substrate. Based on this
donor specificity, the activity of a GDE 4-a-glucanotrans-
ferase has been assayed nonstoichiometrically by following
changes in the spectrum of the complex between limit dex-
trin and iodine (17–19).

Although the donor specificity of the mammalian GDE
4-a-glucanotransferases is well-known, little is known
about their acceptor specificity. In this study, we investi-
gated their acceptor specificity by using phosphorylase
limit dextrin as the donor substrate and maltooligosac-
charide derivatives of various sizes as the acceptor
substrates. By analyzing the transfer products directly,
we showed that the chain length of the acceptor
substrate significantly influences the rate of GDE trans-
glycosylation.

MATERIALS AND METHODS

Materials—Glycogen, p-nitrophenyl a-D-glucopyrano-
side, a-cyclodextrin, maltose, and 2-aminopyridine were
purchased from Wako Pure Chemicals (Osaka, Japan);
methyl a-D-glucopyranoside was from Tokyo Kasei Kogyo
(Tokyo, Japan); rabbit muscle phosphorylase a was from
Sigma (St. Louis, Mo, USA); the Vivapore 10 concentrator
(30,000 MW cut-off) was from Vivascience (Gloucestershire,
UK); the Diaflo YM-30 membrane (30,000 MW cut-off) was
from Millipore Japan (Tokyo, Japan); and the silver staining
kit was from Bio-Rad (Richmond, CA, USA). Wakosil-II
5C18 HG columns were obtained from Wako Pure
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Chemicals, the Shodex Asahipak NH2P-50 column from
Showa Denko (Tokyo, Japan), the Super Q column and
Toyopearl HW-40F from Tosoh (Tokyo, Japan), and
DEAE-Sephacel and Sephacryl S-300 from Amersham
Pharmacia Biotech (Uppsala, Sweden). Cyclodextrin gluca-
notransferase from Bacillus macerans was kindly donated
by Amano Enzyme (Nagoya, Aichi, Japan).

Preparation of Phosphorylase Limit Dextrin from Gly-
cogen—Phosphorylase limit dextrin was prepared from
glycogen essentially according to the method of Hers
et al. (20). A mixture of 1.0 g glycogen and 60 units of
phosphorylase a in 50 ml of 0.1 M sodium phosphate buffer,
pH 7.4, was incubated in a cellophane bag and dialyzed
against 0.1 M sodium phosphate buffer, pH 7.4. After 24 h,
20 units of phosphorylase a were added to the internal
solution, and then the incubation and dialysis were con-
tinued for 24 h. The enzymatic reaction was stopped by
heating at 100�C for 5 min, and the insoluble material
produced was removed by centrifugation. The resulting
solution was dialyzed against water and then lyophilized.

Preparation of Methyl a-Maltooligosides—Methyl a-
maltooligosides (Glcn-O-CH3, where Glc = D-glucose res-
idue and n = degree of polymerization) with a degree of
polymerization ranging from 2 to 7 were prepared from
a-cyclodextrin and methyl a-D-glucopyranoside using
cyclodextrin glucanotransferase, and then isolated by gel
filtration on Toyopearl HW-40F followed by size-
fractionation high-performance liquid chromatography
(HPLC) (16).

Preparation of p-Nitrophenyl a-Maltooligosides—
p-Nitrophenyl a-maltooligosides (Glcn-O-pNP) with a
degree of polymerization ranging from 2 to 7 were prepared
from a-cyclodextrin and p-nitrophenyl a-D-glucopyranoside
using cyclodextrin glucanotransferase, and then isolated
by gel filtration on Toyopearl HW-40F followed by size-
fractionation HPLC (16).

Preparation of Pyridylaminated Oligosaccharides—
Pyridylaminated (PA-) maltose (Glc-GlcPA, where
GlcPA = 1-deoxy-1-[(2-pyridylamino)-D-glucitol] residue)
was prepared by pyridylamination of maltose as reported
previously (21). PA-maltooligosaccharides (Glcn–1-GlcPA)
with a degree of polymerization ranging from 3 to 7
were prepared from a-cyclodextrin and PA-maltose using
cyclodextrin glucanotransferase, and then isolated by
reversed-phase HPLC (16).

Glca1-4Glca1-4(Glca1-6)Glca1-4Glca1-4Glca1-4Glca1-
4Glca1-4GlcPA (FD8-6) was prepared from a mixture of
6-O-a-glucosyl-a-cyclodextrin and PA-maltose by transgly-
cosylation with cyclodextrin glucanotransferase, and then
purified by gel filtration on Toyopearl HW-40F followed by
reversed-phase HPLC (16).

Measurement of Amylo-a-1,6-Glucosidase Activity—
Amylo-a-1,6-glucosidase activity was measured using
FD8-6 as the substrate as described previously (16, 22).
A mixture (50 ml) containing 100 mM FD8-6, 100 mM
maleic acid–NaOH buffer (pH 6.0), 2 mM ethylenediami-
netetraacetic acid (EDTA), 5 mM b-mercaptoethanol,
and the enzyme preparation was incubated at 37�C for
an appropriate period. The enzymatic reaction was stopped
by adding 30 ml of 1 M acetic acid and heating at 100�C
for 5 min. The fluorogenic product in the digest, Glca1-
4Glca1-4Glca1-4Glca1-4Glca1-4Glca1-4Glca1-4GlcPA (PA-
maltooctaose, Glc7-GlcPA), was measured by HPLC. One

unit of debranching enzyme was defined as the amount of
enzyme that releases 1 nmol of PA-maltooctaose per h
under the conditions employed.

Transglycosylation Reaction with a Maltooligosaccharide
Derivative as the Acceptor Substrate—4-a-Glucanotransfer-
ase activity was measured by using phosphorylase
limit dextrin and a maltooligosaccharide derivative
(Glcn-O-CH3, Glcn-O-pNP, or Glcn–1-GlcPA) as the donor
and acceptor substrates of the maltooligosyl residue,
respectively. A mixture (200 ml) containing 3% phosphor-
ylase limit dextrin, 10 mM maltooligosaccharide deriva-
tive, 100 mM maleic acid–NaOH buffer (pH 6.0), 2 mM
EDTA, and 5 mM b-mercaptoethanol was incubated with
30 units of GDE at 37�C for an appropriate period. The
enzymatic reaction was stopped by heating at 100�C for
5 min. The transfer products formed were analyzed by
HPLC.

HPLC of Maltooligosaccharide Derivatives—Size-
fractionation HPLC of methyl and p-nitrophenyl a-malto-
oligosides was performed on a Shodex Asahipak NH2P-50
column (4.6 · 150 mm) at a flow rate of 0.9 ml/min. The
eluent was a 4:1 (v/v) mixture of acetonitrile and water. The
elution was monitored with an Erma RI detector Model
ERC-7510.

Reversed-phase HPLC of methyl a-maltooligosides was
performed on a Wakosil-II 5C18 HG column (1.0 · 25 cm).
The column was eluted with water at a flow rate of 3.0 ml/
min, and the elution was also monitored with an Erma RI
detector (23).

Reversed-phase HPLC of p-nitrophenyl a-maltooligo-
sides was also performed on a Wakosil-II 5C18 HG column
(1.0 · 25 cm). The column was eluted with 50 mM
ammonium acetate buffer, pH 4.5, containing 0.5%
1-butanol at a flow rate of 3.0 ml/min. The elution was
monitored by measuring the absorbance at 307 nm due
to the p-nitrophenyl residue with a Hitachi Variable Wave-
length UV monitor Model 638-41.

PA-maltooligosaccharides were loaded on a Wakosil-II
5C18 HG column (6.0 · 150 mm) and eluted with 50 mM
ammonium acetate buffer, pH 4.5, containing 0.05%
1-butanol at a flow rate of 1.5 ml/min. The elution was
monitored by observing the fluorescence at 400 nm
(excitation at 320 nm).

Purification of GDE from Skeletal Muscles—The skeletal
muscle enzymes were purified from porcine, bovine, and
rabbit skeletal muscles, respectively, through the following
five steps:

Step 1. Preparation of a crude enzyme solution: Skeletal
muscle (50 g) was homogenized in 450 ml of 20 mM
phosphate buffer, pH 6.5, containing 10 mM b-
mercaptoethanol using a Potter-Elvehjem homogenizer.
After the homogenate had been centrifuged at 10,000 · g
for 25 min, the resulting supernatant was filtered through
a Hyflo Super-Cel, and the filtrate was used as the crude
enzyme solution.

Step 2. Ammonium sulfate precipitation: Ammonium
sulfate was added to the crude enzyme solution to 15%
saturation. The precipitate was removed by centrifugation,
and then additional ammonium sulfate was added to the
supernatant to raise the concentration to 45% saturation.
The resulting precipitate was collected by centrifugation
and dialyzed against 7 mM phosphate buffer, pH 6.5,
containing 10 mM b-mercaptoethanol.
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Step 3. DEAE-Sephacel anion-exchange chromato-
graphy: The dialyzed solution (80 ml) was applied to a
DEAE-Sephacel column (2.2 · 95 cm) equilibrated with
7 mM phosphate buffer, pH 6.5, containing 10 mM b-
mercaptoethanol, and the column was washed with
200 ml of the same buffer. Amylo-a-1,6-glucosidase was
eluted with a linear gradient of 7 mM to 0.65 M phosphate
buffer (1.0 liter). The pooled solution containing amylo-
a-1,6-glucosidase was concentrated by ultrafiltration
using a Diaflo YM-30 membrane.

Step 4. Sephacryl S-300 gel filtration: The solution
obtained in Step 3 was applied to a Sephacryl S-300 column
(3.0 · 140 cm) equilibrated with 20 mM phosphate
buffer, pH 6.5, containing 5 mM EDTA and 10 mM
b-mercaptoethanol, and then eluted with the same buffer.
The amylo-a-1,6-glucosidase fractions were pooled and
concentrated to a small volume by ultrafiltration using a
Diaflo YM-30 membrane and a Vivapore 10 membrane.

Step 5. Super Q HPLC: Anion-exchange HPLC was
performed on a Super Q column (7.5 · 75 mm). The column
was equilibrated with 20 mM phosphate buffer, pH 7.5,
containing 5 mM b-mercaptoethanol at a flow rate of
1.0 ml/min. The solution obtained in Step 4 was injected
into the column, and the column was then washed with 5 ml
of the same buffer. Amylo-a-1,6-glucosidase was eluted
with a linear gradient of 20 to 180 mM phosphate buffer
delivered at 1.0 ml/min for 45 min. The pooled solution
containing amylo-a-1,6-glucosidase was concentrated to a
small volume using a Vivapore 10 membrane.

The enzymes purified from porcine, bovine, and rabbit
skeletal muscles gave a single band on native polyacryl-
amide gel electrophoresis (PAGE), respectively (24).

Partial Purification of GDE from Livers—The porcine,
bovine, and rabbit liver enzymes were partially purified,
respectively, by ammonium sulfate precipitation, DEAE-
Sephacel anion-exchange chromatography, and Sephacryl
S-300 gel filtration, as for the skeletal muscle enzymes.
Each enzyme preparation hydrolyzed FD8-6 to yield only
PA-maltooctaose, and was free of a-glucosidase, a-amylase,
and phosphorylase activities. Although the enzyme
preparations were not completely purified, they were
considered sufficiently pure for examining the enzymatic
properties.

RESULTS

Transfer of Maltooligosyl Residues from Phosphorylase
Limit Dextrin to Methyl a-Maltooligosides by Porcine
Skeletal Muscle GDE—First of all, the transglycosylation
reaction of porcine skeletal muscle GDE was examined
using phosphorylase limit dextrin as the donor substrate
and methyl a-maltoheptaoside (Glc7-O-CH3) as the
acceptor substrate. The reaction mixture was analyzed
by reversed-phase HPLC, as shown in Fig. 1A. Transfer
products were detected at the elution positions of authentic
Glc10-O-CH3 and Glc9-O-CH3; however, chain-shortened
products (Glc-O-CH3–Glc6-O-CH3) were not detected.
These results indicated that maltotriosyl (Glc3-) and
maltosyl (Glc2-) residues of phosphorylase limit dextrin
were transferred to the nonreducing-end glucosyl residues
of Glc7-O-CH3 to give Glc10-O-CH3 and Glc9-O-CH3, respec-
tively. The time course of the action of porcine skeletal

muscle GDE on phosphorylase limit dextrin and Glc7-O-
CH3 is shown in Fig. 2A, where it can be seen that Glc10-O-
CH3 and Glc9-O-CH3 increased linearly with time at a
constant ratio of 97:3. The relationships between the
enzyme concentration and the amounts of Glc10-O-CH3

and Glc9-O-CH3 were also linear under the conditions
used (Fig. 2B).

Next, methyl a-maltooligosides with a degree of polymer-
ization ranging from 1 to 6 (Glc-O-CH3–Glc6-O-CH3) were

Fig. 1. HPLC analysis of the products formed by GDE 4-a-
glucanotransferase. A mixture of phosphorylase limit dextrin
and a maltoheptaose derivative (Glc7-O-CH3, Glc7-O-pNP, or
Glc6-GlcPA) was incubated with porcine skeletal muscle GDE,
and then the enzymatic reaction mixture was analyzed
by reversed-phase HPLC. HPLC of the produced (A) methyl a-
maltooligosides, (B) p-nitrophenyl a-maltooligosides, and (C) PA-
maltooligosaccharides. Arrowheads 1–13 indicate the elution
positions of (A) Glc-O-CH3–Glc13-O-CH3, (B) Glc-O-pNP–Glc13-
O-pNP, and (C) GlcPA–Glc12-GlcPA.
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used as the acceptor substrates (Fig. 3A). Glc2-O-CH3

and larger methyl a-maltooligosides were effective as
acceptors, whereas Glc-O-CH3 was not. Glc3- and Glc2-
residues of the donor substrates were transferred to the
nonreducing-end glucosyl residues of Glcn-O-CH3 to give
Glcn+3-O-CH3 and Glcn+2-O-CH3, respectively. The ratio of
the Glc3- and Glc2-transfer was 97:3, irrespective of the
chain lengths of the acceptor substrates. The rates of
transglycosylation to Glc5-O-CH3 and larger methyl a-
maltooligosides were approximately 15-fold higher than
those to Glc2-O-CH3, Glc3-O-CH3, and Glc4-O-CH3.
Although the transglycosylation reaction was examined
in the concentration ranges of 0.5–5% for the donor and
5–50 mM for the acceptor, the ratios of the reaction rates
toward Glc-O-CH3–Glc7-O-CH3 remained constant (data
not shown).

Transfer of Maltooligosyl Residues from Phosphorylase
Limit Dextrin to p-Nitrophenyl a-Maltooligosides and PA-
Maltooligosaccharides by Porcine Skeletal Muscle GDE—
To examine the transglycosylation reaction of porcine
skeletal muscle GDE, p-nitrophenyl a-maltooligosides

(Glcn-O-pNP) of various sizes were used as the acceptor
substrates (Figs. 1B and 3B). A series of p-nitrophenyl
a-maltooligosides can be sensitively detected and
conveniently quantified using a UV monitor, although
the p-nitrophenyl group is bulky compared to a methyl
group. Glc2- and larger derivatives were effective as
acceptors, and the ratio of the Glc3- and Glc2-transfer
was 97:3, as in the case of methyl a-maltooligosides. The
results shown in Fig. 3B are basically similar to those in
Fig. 3A; however, the transglycosylation activities toward
p-nitrophenyl a-maltooligosides, especially those with a
degree of polymerization ranging from 2 to 5, were
relatively low. These results were also obtained
irrespective of the concentrations of the donor (0.05–5%)
and acceptor (0.5–50 mM) (data not shown).

Fig. 2. Transglycosylation fromphosphorylase limit dextrin
to Glc7-O-CH3 by porcine skeletal muscle GDE. Glc3- and
Glc2-residues of phosphorylase limit dextrin were transferred to
the nonreducing-end glucosyl residues of Glc7-O-CH3 to give Glc10-
O-CH3 and Glc9-O-CH3, respectively. These products were
separated and quantified by HPLC. (A) Time courses of the
formation of transfer products. (B) Relationships between the
enzyme concentration and the amounts of transfer products. +,
Glc10-O-CH3; ·, Glc9-O-CH3; O, total.

Fig. 3. Eligibility of various sized maltooligosaccharide
derivatives as acceptors for transglycosylation by porcine
skeletal muscle GDE. Acceptor specificity was examined using
phosphorylase limit dextrin as the donor substrate and maltooli-
gosaccharide derivatives of various sizes as the acceptor
substrates. Transglycosylation activity toward (A) methyl a-
maltooligosides, (B) p-nitrophenyl a-maltooligosides, and
(C) PA-maltooligosaccharides. Activities were normalized by
that toward Glc5-O-CH3. White and black columns indicate the
relative levels of transfer of Glc3- and Glc2-residues, respectively.
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We further examined the transglycosylation reaction
using PA-maltooligosaccharides (Glcn–1-GlcPA) of various
sizes as the acceptor substrates (Figs. 1C and 3C).
Excellent separation, highly sensitive detection, and
convenient quantification can be achieved using a series
of PA-maltooligosaccharides, although the reducing-end
GlcPA-residue cannot form a pyranose-ring (25). The
results shown in Fig. 3C are almost the same as those
in Fig. 3A if reducing-end GlcPA-residues of PA-
maltooligosaccharides are not included in the count of the
degree of polymerization. These results were also obtained
irrespective of the concentrations of the donor (0.05–5%) and
acceptor (0.05–50 mM) (data not shown).

Acceptor Specificity of 4-a-Glucanotransferase of Porcine
Skeletal Muscle GDE—The results in Fig. 3 indicate that
the chain length of the acceptor substrate significantly
influences the rate of GDE transglycosylation. In
particular, it has been shown that a Glc2-residue
comprising the nonreducing-end of an acceptor substrate
is indispensable for GDE transglycosylation. Furthermore,
it should be pointed out that the rates of transglycosylation
to Glc5- and larger derivatives were approximately 15-fold
higher than those to Glc2-, Glc3-, and Glc4-derivatives.
These results indicate that the acceptor binding sites in
the active sites of GDE 4-a-glucanotransferases accommo-
date five glucose residues and interact with a Glc5-residue
comprising the nonreducing-end of the acceptor.

Because maltooligosaccharides (Glcn�OH) in aqueous
solution are in equilibrium between a- and b-anomers, a
series of methyl a-maltooligosides (Glcn-O-CH3) is gener-
ally regarded as the best acceptor substrates for mapping
the acceptor binding site of GDE 4-a-glucanotransferase.
The bulky p-nitrophenyl group is expected to influence the
binding of p-nitrophenyl maltooligoside to the acceptor
binding site, and it should be preferable that the bulky
group is outside of the active site. Although the PA-
group is also bulky, a long and flexible glucitol group
may keep it away from the acceptor binding site.

Comparison of Acceptor Specificities of Mammalian
GDE 4-a-Glucanotransferases—In mammals, GDE is
reported to exist in two isoforms; muscle and liver ones
(26). The acceptor specificities of GDE 4-a-glucanotrans-
ferases from porcine muscle and liver were compared by
using methyl a-maltooligosides (Glcn-O-CH3) of various
sizes as the acceptor substrates and phosphorylase limit
dextrin as the donor substrate. No difference was detected
between the acceptor specificities of these isozymes (data
not shown). Furthermore, the acceptor specificities
of the bovine and rabbit GDE 4-a-glucanotransferases
are almost the same as that of the porcine enzymes
(data not shown). These results suggest that the acceptor
specificity is basically common to mammalian GDE 4-
a-glucanotransferases.

DISCUSSION

GDE has the active site of amylo-a-1,6-glucosidase as
well as that of 4-a-glucanotransferase. The active site of
amylo-a-1,6-glucosidase also interacts with both donor and
acceptor molecules. Thus, it is difficult to extract the inter-
action of the maltooligosaccharide derivatives with the
acceptor binding site only, and to evaluate it exactly as
the kinetic parameters, Km and Vmax. In this study, we

estimated the interaction from the experimental values
of the rates of transglycosylation reactions with malto-
oligosaccharide derivatives of various sizes at constant
concentrations. The ratios of the reaction rates obtained
were independent of both the donor and acceptor concen-
trations, indicating that the estimation is appropriate.

It is conceivable that the acceptor binding sites of
mammalian GDE 4-a-glucanotransferases are composed
of tandem subsites geometrically complementary to several
glucose residues, similar to that of Taka-amylase A (27) or
hen egg white lysozyme (28) (Fig. 4). Subsite AS1 is a
binding site for the nonreducing-end glucosyl residue of
the acceptor substrate, and the maltooligosyl residue of
the donor substrate is transferred to the AS1-binding
glucosyl residue of the acceptor substrate. Following
subsite AS1, there should be four subsites (AS2–AS5) in
the acceptor binding sites of mammalian GDE 4-a-gluca-
notransferases because the enzymes showed a strong
preference for acceptors with a Glc5-residue comprising
a nonreducing-end. Filling of subsite AS2 with the corre-
sponding glucosyl residue of the acceptor substrate should
be indispensable for GDE transglycosylation based on the
fact that Glc-O-CH3, Glc-O-pNP, and Glc-GlcPA were inef-
fective as acceptor substrates. The relatively low rates of
transglycosylation to p-nitrophenyl maltooligosides with a
degree of polymerization ranging from 2 to 5 can be
explained by the idea that filling of subsites AS1–AS5
with the corresponding glucosyl residues of these sub-
strates may be somewhat difficult because of steric hind-
rance by the p-nitrophenyl group (Fig. 4B). Although the
PA-group is also bulky, a long and flexible glucitol group
may keep it away from the acceptor binding site (Fig. 4, C-
I). The glucitol group cannot fit into subsite AS5 because
each of the subsites accommodates a rigid pyranose-ring
residue (Fig. 4, C-II).

Previously, Takrama and Madsen studied the stabiliza-
tion of sulfhydryl groups of rabbit muscle GDE by binding a
series of maltooligosaccharides (Glcn�OH) (29). Their
studies indicated that the enzyme contains at least two
binding sites for maltooligosyl residues. They further
speculated that one of these may be the acceptor binding
site for the 4-a-glucanotransferase and that it may have
four subsites, but this hypothesis has not been substan-
tiated by further experiments. In the present study, we
examined the transglycosylation reactions of mammalian
GDE 4-a-glucanotransferases by using phosphorylase limit
dextrin as the donor substrate and maltooligosaccharide
derivatives (Glcn-O-CH3, Glcn-O-pNP, and Glcn–1-GlcPA)
of various sizes as the acceptor substrates. By analyzing
the transfer products directly, we elucidated that the
acceptor binding sites of the enzymes are composed of
five subsites.

One of the major benefits of five subsites is that
a-1,6–linked Glc4- and Glc3-residues of phosphorylase
limit dextrin function as donors of Glc3- and Glc2-residues
rather than acceptors of them. This improves the efficiency
of removing the phosphorylase limit branch, thereby con-
tributing to a rapid restart of phosphorylase degradation.
The ability to rapidly mobilize glucose residues from
glycogen is essential for mammals, for example, in muscle
during exercise. Although phosphorylase degradation of
glycogen results in the release of many glucose 1-
phosphate (Glc-O-PO3

2–) molecules, GDE does not transfer
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a maltooligosyl residue to them because the binding
between subsite AS2 and the corresponding glucosyl
residue of the acceptor substrate is indispensable for
transglycosylation.
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