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Abstract Glycogen phosphorylase (GP) is an allosteric en-
zyme whose catalytic site comprises six subsites (SG;, SG_,
SG_,, SG_3, SG_4, and SP) that are complementary to tandem
five glucose residues and one inorganic phosphate molecule,
respectively. In the catalysis of GP, the nonreducing-end glu-
cose (Gle) of the maltooligosaccharide substrate binds to SG;
and is then phosphorolyzed to yield glucose 1-phosphate. In
this study, we probed the catalytic site of rabbit muscle GP
using pyridylaminated-maltohexaose (Glca1-4Glcx1—
4Glcx1-4Glecx1-4Glcx1-4GIlcPA, where GIcPA = 1-de-
oxy-1-[(2-pyridyl)amino]-D-glucitol]; abbreviated as PA-0)
and a series of specifically modified PA-0 derivatives (Glc,,-
AltNAc-Glc,-GIcPA, where m + n = 4 and AltNAc is 3-
acetoamido-3-deoxy-D-altrose). PA-0 served as an efficient
substrate for GP, whereas the other PA-O derivatives were
not as good as the PA-0, indicating that substrate recognition
by all the SG;—SG_, subsites was important for the catalysis
of GP. By comparing the initial reaction rate toward the PA-0
derivatives (Vgerivative) With that toward PA-0 (Vpa_g), wWe
found that the value of Vierivaiive/ Vpa-o decreased significantly
as the level of allosteric activation of GP increased. These
results suggest that some conformational changes have taken
place in the maltooligosaccharide-binding region of the GP
catalytic site during allosteric regulation.
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Introduction

Glycogen (MW, 10°-107) is a highly-branched polymer of b-
glucose (Glc) synthesized on a glycogenin primer [ 1-3]. In the
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glycogen molecule, most of the Glc residues are polymerized
through oc1-4-glycosidic linkages; however, approximately
5%—10% of Glc residues also make an «1-6-glycosidic bond,
resulting in «1-6-branching. When an animal body requires
energy, glycogen is rapidly broken down by the combined
activity of glycogen phosphorylase (GP) (EC, 2.4.1.1; MW,
1.9 x 10°) and glycogen debranching enzyme (GDE) (EC,
2.4.1.25 and 3.2.1.33; MW, 1.6 x 10°) [4-8]. GP is reported
to remove oc1-4-Glc residues from the outermost chains of the
glycogen molecule until 4 Glc residues remain on either side
of the «1-6-branching [9, 10]. This reaction, called phospho-
rolysis, proceeds by the consumption of inorganic phosphate
(P;) and results in the formation of glucose 1-phosphate (Glc-
1-P) and GP-limit dextrin. GP is present in two interconvert-
ible forms, GPa (phosphorylated form, middle activity) and
GPb (nonphosphorylated form, low activity) [9-11]. Muscle
GP activity is regulated by the interconversion of GPa and
GPb and by the binding of a number of allosteric effectors,
including AMP, ATP, and glucose 6-phosphate (Glc-6-P) [12].
The most highly activated forms of muscle GP are AMP-
bound, regardless of the phosphorylation state [11, 13, 14].
Although the binding sites for these effectors have been well
characterized by kinetic and X-ray crystallographic methods
[12], sufficient structural and functional information on the
catalytic site is not available. This is because GP does not or
hardly exhibits reactivity with maltotetraose (Glcy4-OH) or
smaller maltooligosaccharides [15], and oligosaccharides
have never been observed to bind at the GP catalytic site in
X-ray crystallographic analyses [16-18].

The catalytic sites of dextrin-degrading enzymes have been
probed using a series of maltooligosaccharides (Glc,-OH) or
methyl a-maltooligosides (Glc,,-OCH3) with various chain
lengths [19-22]. Unlike GP, most of the dextrin-degrading en-
zymes exhibit a significant activity even toward maltotetraose
(Glcy-OH) or smaller maltooligosaccharides (e.g., «-
glucosidase and glucoamylase). For endo-enzymes (e.g., &-am-
ylase), cyclodextrins having one modified sugar residue (e.g., 6-
O-tosyl-Glc, 2,3-anhydro-(3R)-Gle, or 6-deoxy-6-iodo-Glc)
were also used as the probes [23, 24], and from the reaction
product, the oligosaccharide substrate specificity of the catalytic
site has been elucidated. A series of specifically modified linear
maltooligosaccharides (Glc,,-X-Glc,-OH, where m + n is con-
stant and X is a modified sugar residue) were thought to be
effective substrates to characterize the catalytic sites of long—
chain-specific exo-enzymes (e.g., GP); however, preparation of
a series of Glc,,-X-Glc,,-OH compounds was difficult.

To obtain new information on the structure and func-
tion of the GP catalytic site, we first prepared a series
of specifically modified linear maltooligosaccharides and
then analyzed the kinetics of the GP activity on these synthetic
substrates. Based on the structure of GP-limit dextrin, it is widely
accepted that the GP catalytic site accommodates a
maltopentaosyl- (Glcx1-4Glcx1-4Glcx1-4Glex1-4Glcx1-)
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residue comprising the nonreducing-end [9, 10, 15, 25]. In this
study, we used pyridylaminated (PA-) maltohexaose (Glcol—
4Glex1-4Glecx1-4Gleax1-4Gleoc 1-4GIcPA, where GlcPA = 1-
deoxy-1-[(2-pyridyl)amino]-D-glucitol; abbreviated as PA-0) as a
standard maltooligosaccharide substrate [26-28].
Pyridylamination of the reducing-end provided us excellent sep-
aration and very sensitive detection of oligosaccharides [29, 30];
therefore, we were able to prepare a series of specifically modi-
fied PA-0 derivatives (Glc,,-AltNAc-Glc,-GIcPA, where m +
n =4, AItNAc = 3-acetoamido-3-deoxy-D-altrose) using 3A-ami-
no-3A-deoxy-(2AS,3AS)-a-cyclodextrin (x-NH,-CD) as the
starting material. Although the AItNAc residue is slightly larger
than the Gle residue and has different side-chain orientations at
the C2 and C3 positions, there may be a unique interaction be-
tween the AItNAc residue and the GP catalytic site. The sub-
strates having four Glc residues and one AltNAc residue within
the pentasaccharide moiety on the nonreducing-end side made it
possible to evaluate the importance of each subsite in the
maltooligosaccharide-binding region of the GP catalytic site
[31, 32].

Materials and methods
Materials

Maltohexaose, 2-aminopyridine, and Wakosil-II 5C18 HG
columns (4.6 x 150 mm and 10.0 x 250 mm) were purchased
from Wako Pure Chemicals (Osaka, Japan). «-NH,-CD was
purchased from Tokyo Chemical Industry (Tokyo, Japan).
Rabbit muscle glycogen phosphorylase a (GPa), glycogen
phosphorylase b (GPb), AMP, 2,5-dihydroxybenzoic acid
(DHB), and [R-(R*,5%)]-5-chloro-N-[3-(dimethylamino)-2-
hydroxy-3-oxo-1-(phenylmethyl)propyl]-1H-indole-2-
carboxamide (CP-91149) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Shodex NH2P-50 columns
(4.6 x 150 mm and 4.6 x 250 mm) came from Showa
Denko (Tokyo, Japan) and Silica gel 60 aluminum sheets from
Merck (Darmstadt, Germany). Dowex 50W-X2 (100-200
mesh) came from Dow Chemical Company (Midland, MI,
USA), and Toyopearl HW-40F from Tosoh (Tokyo, Japan).

GPa and GPb were purified according to previously de-
scribed methods [33]. PA-maltooligosaccharides (Glc,-
GlcPA; n = 0-6) and methyl «-maltooligosides (Glc,,-OCHs;
n = 1-6) were prepared as reported previously [28].

High-performance liquid chromatography (HPLC)
of PA-oligosaccharides

Standard size-fractionation HPLC of PA-oligosaccharides was
performed on a Shodex NH2P-50 column (4.6 x 150 mm) at a
flow rate of 0.9 mL/min at 25 °C [30]. The eluent was
acetonitrile:water:acetic acid (750:250:3, v/v/v), which was
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titrated to pH 7.0 with 5.0% aqueous ammonia. PA-
oligosaccharides were detected by fluorescence (excitation
wavelength, 320 nm; emission wavelength, 400 nm).

High-resolution size-fractionation HPLC of PA-
oligosaccharides was performed on a Shodex NH2P-50 col-
umn (4.6 x 250 mm) [30]. Conditions were the same as
those for standard size-fractionation HPLC except the
eluent was acetonitrile:water:acetic acid (730:270:3,
v/v/v) titrated to pH 7.0 with 5.0% aqueous ammonia.

Reversed-phase HPLC of PA-oligosaccharides was per-
formed using a Wakosil-II 5C18 HG column (10.0 x 250 mm)
and elution with 50 mM ammonium acetate buffer (pH 4.8) at
25 °C at a flow rate of 3.0 mL/min [34]. PA-oligosaccharides
were detected by fluorescence (excitation wavelength, 320 nm;
emission wavelength, 400 nm).

Preparation of PA-0 derivatives

«-NH,-CD (300 mg) was dissolved in 10 mL of saturated
sodium bicarbonate solution and then 500 pL of acetic anhy-
dride was added to the solution [30]. After 5 min, another
10 mL of sodium bicarbonate solution and 500 uL of acetic
anhydride were added, and the solution was left at room tem-
perature for 30 min. Dowex 50W-X2 resin (H" form) was
then added to the solution to bring the pH to about 3. The
mixture was filtered, and the resin was washed with five col-
umn volumes of water. The whole eluate collected was lyoph-
ilized, and the N-acetylated product (x-NHAc-CD) was ob-
tained with a yield of 92%.

Next, «-NHAc-CD was dissolved in 30 mL of 0.1 M hydro-
chloric acid, and the mixture was heated at 90 °C for 13 min.
Acid hydrolysis was stopped at an early stage to suppress the
formation of lower molecular weight dextrins. To remove N-
deacetylated dextrins completely, the partial acid hydrolysate
was applied to a Dowex S0W-X2 column (25 x 200 mm, H*
form) [30]. The resin was washed with five column volumes of
water, and the whole eluate collected was neutralized with 1 M
NaOH. The solution was then concentrated to dryness under
reduced pressure. The residue was dissolved in a small volume
of water and desalted by gel-filtration on the Toyopearl HW 40F
column (25 x 350 mm) equilibrated with 10 mM ammonium
acetate buffer, pH 6.0. Elution was monitored by TLC using
Silica gel 60 aluminum sheets. The TLC eluent was 2-
butanone:acetic acid:water, 3:1:1 (v/v/v), and the developing re-
agent was 5% sulfuric acid in methanol. The dextrin fractions
were combined and lyophilized.

Pyridylamination of the dextrins was performed as follows
[27]. The lyophilized sample was dissolved in a mixture of
1.5 mL of acetic acid and 4.2 g of 2-aminopyridine, and the
resulting solution was heated at 90 °C for 60 min. Next,
18.3 mL of a reducing reagent (prepared by dissolving 20 g
of borane-dimethylamine complex in 8.0 mL acetic acid and
5.0 mL water) was added, and the reaction mixture was heated

at 80 °C for 35 min. Five milliliters of 1.0% aqueous ammonia
was added to the reaction mixture, and excess reagents were
removed by extraction three times with 20 mL of chloroform.
The water layer was then concentrated to dryness under a
reduced pressure. The residue was dissolved in a small vol-
ume of water and then separated by gel-filtration on a
Toyopearl HW 40F column (3.5 x 140 cm) equilibrated with
10 mM ammonium acetate buffer (pH 6.0). The eluate was
collected in 10-mL fractions, and each fraction was analyzed
by standard size-fractionation HPLC. Fractions containing
PA-hexasaccharides were collected and lyophilized.

Separation of PA-hexasaccharides was performed as follows.
To remove shorter PA-oligosaccharides completely, the lyophi-
lized sample was dissolved in a small amount of water and sep-
arated using standard size-fractionation HPLC, and the PA-
hexasaccharide fraction was collected (Fig. 1-i). This fraction
was then further fractionated into Fractions A—E using
reversed-phase HPLC (Fig. 1-ii). Fraction B was fractionated
into Fractions B1 and B2 using high-resolution size-fractionation
HPLC (Fig. 1-iii). In addition, each fraction was further purified
2 times by the combination of reversed-phase and high-
resolution size-fractionation HPLCs. The yields of PA-
hexasaccharides PA-1 (Fraction E), PA-2 (Fraction B2), PA-3
(Fraction C), PA-4 (Fraction D), PA-5 (Fraction B1), and PA-6
(Fraction A) were 0.04, 0.09, 0.4, 0.4, 0.8, and 0.2 pmol, respec-
tively (Table 1). Each substrate purified showed a single peak by
HPLC enough for measuring enzyme activity.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MADLI-TOF MS) and tandem
MS/MS analyses

All MALDI-TOF MS and MS/MS spectra were acquired with
an Ultraflex III MALDI-TOF/TOF MS instrument (Bruker
Daltonics, Co., GmbH, Germany) under the same experimen-
tal conditions. A matrix of 2,5-dihydroxybenzoic acid (DHB)
was dissolved in 80% acetonitrile aqueous solution at a final
concentration of 10 mg/mL. A sample aliquot and 1 pL. DHB
were deposited on the target and allowed to dry. The predom-
inant molecular-related ions were obtained as sodium adduct
molecules [M + Na]* to estimate their exact masses. The tan-
dem MS/MS spectra were measured from the protonated mol-
ecule [M + HJ" because the PA-sugars had the protonated
charge at the reducing-end, and the sequential fragment ions
were obtained to elucidate the structures of the chemically
prepared PA-sugars.

Sensitive GP assay in the direction of glycogen
degradation

A mixture (70 uL) containing 40 mM sodium phosphate buff-

er (pH 6.8), 35 uM PA-hexasaccharide, 1.0 mM f3-
mercaptoethanol, 0 or 1.0 mM AMP, 0.05% gelatin, and 5—
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Fig. 1 Isolation of PA-0 derivatives by preparative HPLC. x-NHAc-CD
was partially hydrolyzed with hydrochloric acid, and the hydrolysate was
pyridylaminated. The PA-oligosaccharide mixture obtained was subject-
ed to HPLC as described in Materials and methods. (i) Size-fractionation
HPLC of the PA-oligosaccharide mixture from o-NHAc-CD. The arrows
1-7 indicate the elution positions of standard PA-maltooligosaccharides
(GIcPA-Glce-GlcPA). PA-hexasaccharide fraction was collected as indi-
cated by the bar. (ii) Reversed-phase HPLC of the PA-hexasaccharide
fraction. Fractions A—E were collected as indicated by the bars. (iii)
High-resolution size-fractionation HPLC of Fraction B. Fractions Bl
and B2 were collected as indicated by the bars. Each fraction was further
purified two times by the combination of reversed-phase and high-
resolution size-fractionation HPLCs

500 nM rabbit muscle GP (i.e., 0.01-1 uM GP subunit) was
incubated at 37 °C for 30 min. To stop the reaction, the mix-
ture was heated at 100 °C for 5 min. After heating, the
resulting PA-pentasaccharide was isolated and quantified by
standard size-fractionation HPLC. Although the PA-
hexasaccharide concentration was very low, it was con-
sidered to be constant throughout the enzymatic reaction
because the chain-shortened product could be isolated
and quantified even at 10 fmol, and at the end of the
reaction period, >95% of the PA-hexasaccharide did not
react and remained unchanged.

Evaluation of the kinetic parameters of AMP-activated
GPb

Apparent K, and V,,,, values were calculated according to the
method of Lineweaver and Burk [35]. Methyl o-maltooligosides
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and PA-maltooligosaccharides were used as oligosaccharide sub-
strates. GPb was assayed at constant concentrations of P;
(40 mM) and AMP (1.0 mM) with five different concentrations
of oligosaccharide (1, 3, 10, 20, and 30 mM). The chain-
shortened products from methyl x-maltooligosides were isolated
and quantified by size-fractionation HPLC on a Shodex NH2P-
50 column (4.6 x 150 mm) at a flow rate of 0.9 mL/min. The
eluent was a 4:1 (v/v) mixture of acetonitrile and water, and the
elution was monitored using a refractive index detector. The
chain-shortened products from PA-maltooligosaccharides were
isolated and quantified by standard size-fractionation HPLC.
The reciprocal initial reaction rates were plotted against recipro-
cal substrate concentrations, and the data were fitted to the
Michaelis-Menten equation by the least-squares method using
a computer program.

Estimation of the dissociation constant of GPa—CP-91149
binding

The equilibrium dialysis experiment was performed according
to a previously reported method [36]. A mixture (100 uL)
containing 40 mM sodium phosphate buffer (pH 6.8),
2.5 uM rabbit muscle GPa, 1.0 mM {3-mercaptoethanol,
0.05% gelatin, and 10 uM CP-91149 was prepared, packed
in a Fast Micro-Equilibrium DIALYZER (5 x 10* MWCO
membrane), and dialyzed at 10 °C against 100 uL of buffer
solution (40 mM sodium phosphate buffer (pH 6.8), 1.0 mM
[3-mercaptoethanol, and 0.05% gelatin). After 24 h of dialysis,
equilibrium was reached between the internal and external
solutions. The CP-91149 concentration in the external solu-
tion was analyzed by reversed-phase HPLC using a Wakosil-
I1 5C18 HG column (4.6 x 150 mm) at a flow rate of 0.8 mL/
min at 25 °C. The column was equilibrated with 50 mM am-
monium acetate buffer, pH 4.8, containing 0.1% acetonitrile.
After injecting a mixture sample, the concentration of aceto-
nitrile was linearly raised to 40% in 80 min. Elutions were
monitored by measuring the absorbance at 280 nm. The ap-
parent dissociation constant, K .y, Was calculated as reported
previously [36].

Results and discussion
Schematic representation of the GP catalytic site

The most highly activated forms of muscle GP are AMP-
bound, regardless of the phosphorylation state [11, 13, 14].
Of these, the AMP-bound GPb is usually used for bio-
chemical research. The catalytic site of AMP-activated
GP is composed of six subsites (SG;, SG_1, SG_,, SG_3,
SG_4, and SP) that are complementary to tandem five Glc
residues (Gy, G_;, G5, G_3, and G_4) and one P; molecule,
respectively [9, 10, 15, 37, 38]. A schematic representation of
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Table 1  Structures of PA-maltohexaose (PA-0) and its derivatives
Abbreviation Structure
CH,OH CH,0H CH,OH CH,OH CH,OH CH,0H
o 6} 0 6} o OH —
PA-0 OH OH OH OH OH on /NN
HO o 0 o o 0 N
OH OH OH OH OH OH
CH,OH CH,0H CH,0H CH,OH CH,0H CH,0H
0 0 0 0 0 OH __
PA-1 HO OH 0 OH OH oH / N\ /
HO o o 0 0 0 N
NHAc OH OH OH OH OH
CH,OH CH,OH  CH,OH CH,0OH CHOH CH,0H
0 0 0 o o OH __
PA-2 OH HO 0 OH OH oH / N\ /
HO o o o o 0 N
OH NHAc OH OH OH OH
CH,OH CH,0H CH,OH CH,OH CH,OH CH,0H
o 0 0 0 0 OH
PA-3 OH OH o OH OH on /N y
HO 0 o o o 0 N
OH OH  NHAc OH OH OH
CH,OH CH,0H CH,0H CH,0OH CH,0H CH,0H
o 0 0 0 0 OH
PA-4 OH OH 0 HO OH on /N g
HO o o 0 o o N
OH OH OH NHAc OH OH
CH,OH CH,0H CH,0H CH,OH CH,OH CH,0H
o 0 0 0 o oH
PA-5 OH OH OH OH HO oH / N\
HO o o o o 0 N
OH OH OH OH  NHAc OH
CH,OH CH,0H CH,0H CH,0OH CH,0H CH,0H
o) 0 0 0 o OH  —
PA-6 OH OH oH OH OH no/ N\
HO o 0 o o 0 N

Q
==

OH

OH OH OH

NHAc

the GP catalytic site is shown in Fig. 2. In the phosphorolysis
reaction, the «-1,4-glycosidic linkage between G; and G_; is
split, forming Glc-1-P. We first analyzed the kinetics of the GP
activity toward methyl «-maltopentaoside (Glcs-OCH3)
and PA-0 in the presence of | mM AMP, where the
enzyme is well known to be fully activated. The results
are summarized in Table 2. Because the apparent K, and
Vinax values toward PA-0 were similar to those toward methyl

a-maltopentaoside, PA-0 is thought to fit all of the SG|—SG_4
subsites in a suitable state.

Preparation of a series of specifically modified PA-0
derivatives

Many GP researchers have believed that SG; (glycone-
binding region) plays the most important role in the binding
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Fig. 2 Schematic representation
of the productive binding of PA-0
and P; to the GP catalytic site. The
GP catalytic site is composed of
six subsites (SGy, SG-;, SG_,,
SG_3, SG_4, SP); SG, and SP are
for nonreducing-end Glc and P;,
respectively. When Gy, G-, G,
G_3, and G_4 of the
maltooligosaccharide substrate
and P; interact with subsites SGy,
SGfl, SG72, SG{’,, SG74, and SP,
respectively, the o-1,4-glycosidic
linkage between G; and G_; is

SG, SG; SG, SG;3 SG4
CH,0H CH,0H CH,OH CH,0H CH,OH CH,0H
0 0 o) ] o on o=
HO— G, o} G, )—o© G, G o G4 )—o NO
N
HO OH HO OH HO OH HO OH HO OH HO OH
(I)H
O=P—OH
OH
SP

phosphorolyzed

of the maltooligosaccharide substrate to the GP catalytic site
[5, 17, 18, 37], while roles of the SG_;—SG_4 subsites
(aglycone-binding region) have only received a minimal
amount of attention. By comparing the initial reaction rates
toward the specifically modified PA-0 derivatives with those
toward PA-0, we wish to discuss the importance of each Glc
residue (Gy, G-y, G_,, G_3, or G_4) of PA-0 for the catalytic
action of GP (Fig. 2). A series of specifically modified PA-0
derivatives containing four Glc residues, one AItNAc residue,
and one reducing-end GIcPA residue (Glc,,-AltNAc-Glc,-
GIcPA, where m + n = 4) were prepared as described in
Materials and methods. We then obtained all the PA-0 deriv-
atives containing one AltNAc residue as summarized in
Table 1. The structures of the prepared PA-0 derivatives were
proved from their exact masses by MALDI-TOF MS spectra
as sodium adduct molecules [M + Na]" at m/z 1132.4 (Fig. 3).
The positions of the AltNAc residue in the PA-0 derivatives
were identified by tandem MS/MS spectra from the protonat-
ed molecules [M + H]* (Fig. 4). The five prepared hexaoses
AItNACc-Glcy-GlePA (PA-1), Gle-AltNAc-Gles-GIcPA (PA-
2), Glec,-AltNAc-Gle,-GlecPA (PA-3), Gles-AltNAc-Gle-
GIcPA (PA-4), and Glc4-AltNAc-GIcPA (PA-5) were used as

Table 2  Kinetic parameters of AMP-activated GPb

Maltooligosaccharide substrate Apparent V.« Apparent K,
(umol/(min‘mg protein)) (mM)

oligosaccharide substrates to evaluate the importance of each
Glc residue (G;, G-1, G5, G_3, or G_4) of PA-0 for the cata-
lytic action of GP.

Kinetics of GP activity toward various
PA-oligosaccharides

Three levels of allosteric regulation of muscle GP have been
identified: GPb (nonphosphorylated form, low activity), GPa
(phosphorylated form, middle activity), and AMP-bound GP
(high activity) [11, 13, 14]. Of these, nonactivated GPb has
been considered difficult to assay because 1/K,, and V.«
values for the nonactivated GPb are much smaller than those
for the AMP-activated GP [39]. However, in this study, our
fluorescent-labeled oligosaccharide allowed detection of a
very small amount of the reaction product. For instance, PA-
maltopentaose, the product from PA-maltohexaose, was iso-
lated and quantified at 10 fmol using HPLC equipped with a
fluorescent spectrophotometer (data not shown). Thus, we
assayed the rabbit muscle GP activity at these three levels of
allosteric regulation using various PA-oligosaccharides as
substrates. The results are summarized in Table 3. When the
initial reaction rate toward PA-0 was taken as unity, the rela-
tive initial reaction rates toward Glcs;-GlcPA and Glcy-GlcPA
were much smaller than 1 at any level of allosteric regulation.
In addition, the relative initial reaction rates toward PA-1-PA-
5 were also very small, particularly toward PA-1. These results
indicate that all tandem five Glc residues (G, G-, G-, G_3,

Gle,-OCH; - - and G_,) are important for the catalysis of GP (Fig. 2). It
Gles-OCH;, 2043 12+2 should be noted that the relative initial reaction rates toward
Glee-OCH 2143 11+2 PA-5 (Gles-AltNAc-GIcPA) and those toward Gles-GlcPA
Gley-GlePA —° - were in the similar range at any level of allosteric activation.
Gles-GlePA (PA-0) 19+3 13+2 Although the role of the AltNAc residue is not clear currently,
Gleg-GlcPA 21£3 11+2 it is certain that the AItNAc residue does not have any positive

#The value was not determined, because the enzyme showed very low
activity (less than 1 pmol/(min-mg protein) at 10 mM
maltooligosaccharide substrate)
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effect on specific recognition by the GP subsites. The AItNAc
residue does not strongly bind to SG, SG_1, SG_,, SG_3, or
SG_4 as the native Glc does. Thus, our results suggest that, as
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has been believed by many GP researchers [5, 17, 18, 37], the
interaction between the G residue and the SGy subsite is very
important. Although the interaction between the G_4 residue
and the SG_, subsite seems to be less important than the other
interactions, it still has some role in the catalytic action of GP
since in the case of Glcy-GIcPA, the initial reaction rate of
AMP-activated GPb decreased down to approximately
1.5%. Therefore, although the GP catalytic site has relatively
high K, values toward maltooligosaccharide substrates
(Table 2), substrate recognition by all the SG;—SG_, subsites
is important for the catalysis of GP [40]. Because the structure
of AltNAc is rather different from that of Glc, AItNAc residue
of the PA-0 derivative may affect the interaction between the
neighboring Glc residue and the corresponding subsite. To
clarify the importance of each subsite more in detail, we are
planning to investigate further by using other PA-0 derivatives

having one slightly modified Glc residue (e.g., 2-deoxy-Glc,
3-deoxy-Glc, or 6-deoxy-Glc).

The abovementioned substrate specificity of GP re-
sults in the formation of the maltotetraosyl- (Glcy-)
branch. This product specificity of GP should be con-
sidered with the substrate specificity of the downstream
enzyme GDE [6, 9, 10, 41, 42]. GDE has two distinct
catalytic sites on a single polypeptide chain, correspond-
ing to 4--glucanotransferase and amylo-«-1,6-glucosidase.
It is generally accepted that GDE 4-x-glucanotransferase
removes maltotriosyl- (Gles-) residue from the lateral
maltotetraosyl- (Gley-) branch via transglycosylation to ex-
pose a 6-O-oc-glucosyl residue and then amylo-oc-1,6-glucosi-
dase hydrolyzes the «-1,6-glycosidic linkage of the product.
Previously, we analyzed the donor substrate specificity of por-
cine liver GDE 4-«-glucanotransferase using a set of
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fluorogenic-branched dextrins with branches of various sizes
(Glex1-4Glcax1-4Glecx1-4Glecx1-4((Glex1-4),,.;Glea 1 -
6)Glcax1-4Glex1-4Glca 1 4GIcPA, where n =2, 3, 4 and 5)
[43]. The GDE 4-«-glucanotransferase exhibited its maxi-
mum activity toward the lateral maltotetraosyl- (Glcy-) branch
and approximately half maximal activity toward the lateral
maltotriosyl- (Glcs-) branch; however, little activity was ob-
served toward other branches, particularly toward the lateral
maltosyl- (Glc,-) branch. Thus, in this study, the product speci-
ficity of GP was exactly the same as the donor substrate speci-
ficity of the GDE 4--glucanotransferase. We think that the SG_3
and SG_, subsites in the GP catalytic site prevent the formation
of the lateral maltosyl- (Glc,-) branch and contribute to the effi-
cient progression of the subsequent GDE catalysis.

@ Springer

Changes in oligosaccharide recognition found
in the allosteric regulation of GP

The maltooligosaccharide-binding region of the GP catalytic
site recognizes tandem five sugar residues as shown in Fig. 2.
By comparing the initial reaction rate toward the PA-0 deriv-
atives (Verivative) With that toward PA-0 (Vpa_g), we found that
the value of Vygivaiive/ Vra.o decreased as the level of allosteric
activation of GP increased (Table 3 and Fig. 5). For instance,
the Vyerivative/ Vra-o values for AMP-activated GPb were 4-69
times smaller than those for nonactivated GPb. A similar ten-
dency was observed in the Vgic3.giera/Veao and Vgiea-Gicpa/
Vpao values (Table 3). These results suggest that oligosaccha-
ride recognition at the GP catalytic site is affected by allosteric
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Fig. 4 (continued)

regulation. To investigate this phenomenon from a different
point of view, we next analyzed the effect of an allosteric
inhibitor on the oligosaccharide recognition by muscle GPa,
a partially activated form of the enzyme. For instance, 5-
chloroindole-carboxamide derivatives are well known as the
allosteric inhibitor of GP; CP-91149 is one of the most active
species [44—46]. X-ray crystallographic studies indicate that
the indolecaboxamide molecule is accommodated in each of
the two new inhibitor sites located inside the central cavity
between the two GP subunits [44, 47]. We wanted to know
whether the Vyerivative/ Vra-o value for the GPa—CP-91149
complex was higher than that for the native GPa. First, we
estimated the K4 value of rabbit muscle GPa—CP-91149

binding using the equilibrium dialysis method reported previ-
ously (Table 4) [36]. The apparent K4 value estimated was
0.75 uM, which was similar to the ICsq value toward human
liver GPa (1 uM) [45]. Next, the catalytic site of rabbit muscle
GPa was probed with PA-0 and its derivatives in the presence
of 50 uM CP-91149, where the enzyme (500 nM or less) was
saturated with CP-91149. These results are also summarized
in Table 3. The fact that the Vyegivative/ Vra-o value for the GPa—
CP-91149 complex stood in the middle of the values for GPa
and nonactivated GPb (Table 3 and Fig. 5) supported the no-
tion that the Vierivative/Vpa-o Value decreased significantly as
the level of allosteric activation increased. This systematic
change in the recognition of oligosaccharide substrates
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Table 3  Phosphorolysis rates of PA-oligosaccharides by rabbit muscle GP

Substrate Relative initial reaction rate *

AMP-activated GPb ° GPa Nonactivated GPb GPa—CP-91149 complex ©
Gles-GIcPA 0.000114  + 0.000009 0.00012  +0.00002 0.0061  +0.0004 0.00160 =+ 0.00008
Gle,-GlecPA 0.0148 +0.0009 0.0226 +0.0009 0.058 +0.003 0.041 +0.001
Gles-GIcPA (PA-0)  1.00 +0.06%°¢ 1.00 +0.04¢°F 1.00 +0.04%8 1.00 +0.0] 401
PA-1 0.000015  +0.000002%*  0.000030  +0.000002F ! 0.00104 +0.00005*™  0.000215 +0.000004 "™
PA-2 0.00023  +0.00001 " 0.00029  +0.00001 ™ ° 0.0079  +0.0003° 0.00204  +0.00003 * P
PA-3 0.00086 = 0.00005 ¢ 0.00103  +0.00006 % * 0.0130  +0.0006° 0.0075 +0.0002 "¢
PA-4 0.00090  +0.00006" 0.00143  +0.00006%“"  0.014 +0.002 0.0128 +0.0003 ¥
PA-5 0.0066 +0.0001 ¥ 0.0106 £0.0006 %Y 0.029 +0.003 * 0.023 +0.001 ¥

? Values are the rates relative to the rate for PA-0 at 35 uM. Each value shows the mean + SD (n = 3)

° GPb activity was assayed in the presence of | mM AMP
¢ GPa activity was assayed in the presence of 50 uM CP-91149

4No enzymatic activity was observed when P; was omitted from the assay medium

¢ The initial reaction rate was 51.7 nmol Gley-GlcPA/(min'mg protein)
"The initial reaction rate was 19.0 nmol Glcs-GIcPA/(min‘mg protein)
€ The initial reaction rate was 217 pmol Glc,-GIcPA/(min'mg protein)

B The initial reaction rate was 1.72 nmol Gle,-GlcPA/(min‘mg protein)

No significant difference was observed between 40 and 50 M CP-91149

J Gle;-GIcPA (secondary product) was also observed because Gles-GIcPA (primary product) was phosphorolyzed much faster than PA-1

¥ Values followed by the same letter are significantly different (p < 0.05)

suggests that some conformational changes have occurred in
the maltooligosaccharide-binding region of the GP catalytic
site during allosteric regulation.

12

10

=]

=)

IS

—In (Vyerivative Vea-o)

0
PA-1

PA-3 PA-4 PA-5

PA-0 derivative
Fig. 5 Effect of the AItNAc residue position on the GP activity. Using
GPs at various levels of allosteric modulation, the initial reaction rates
toward PA-0 derivatives were compared with those toward PA-0. AMP-
activated GPb, open circle; GPa, opened triangle; nonactivated GPb,
cross; GPa—CP-91149 complex, filled diamond. A logarithmic scale is
used for the ordinate to show a wide range of the Vyerivative/ Vea-o Values

PA-2
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GP was the first allosteric enzyme to be studied in detail. X-
ray crystallographic studies have revealed that the allosteric
activation of rabbit muscle GPb is derived from three struc-
tural changes: (i) rotation of the N- and C-terminal domains;
(i1)) movement of the catalytic site gate; and (iii) a structural
change in SP [37, 38]. The structural changes (i) and (ii) were
reported to make the catalytic site more accessible to the oli-
gosaccharide and P;. In the case of the structural change (iii),
Arg®® was reported to move into a more suitable position for
the binding of P;. In contrast, Barford and Johnson reported
from their crystallographic analyses of activated and nonacti-
vated muscle GPbs that no significant structural change
existed in the maltooligosaccharide-binding region of the cat-
alytic site by allosteric activation [37]. With regard to Barford
and Johnson’s data, Buchbinder et al. suggested that the acti-
vated muscle GPb did not crystallize as the true functional

Table 4 Dissociation constant of GPa—CP-91149 binding

CP-91149 concentration Apparent Ky

in external solution (uM)

()

3.0+0.2 0.75 +0.49
-0.37

#The equilibrium dialysis experiment was performed as described in
Materials and methods. Each value shows the mean = SD (n = 3)



Glycoconj J (2017) 34:563-574

573

dimer [38]. They speculated that additional structural changes
are necessary for the allosteric activation of muscle GPb [38]. In
this study, using muscle GP with specifically modified
maltohexaose derivatives, we found a new possibility that there
existed some structural changes in the maltooligosaccharide-
binding region of the GP catalytic site during allosteric
regulation.

In this study, we prepared a series of specifically modified
maltohexaose derivatives with structures that were successful-
ly identified by MALDI MS/MS spectra. Using these com-
pounds as probes, we evaluated the importance of each subsite
in the maltooligosaccharide-binding region of the GP catalytic
site and proposed a new possibility that the allosteric regula-
tion affected the oligosaccharide recognition at the GP cata-
lytic site. To the best of our knowledge, this is the first report
to systematically investigate the oligosaccharide recognition
at the GP catalytic site. We think that these series of specifi-
cally modified linear maltooligosaccharides can be used as
valuable probes to study the catalysis of dextrin-degrading
enzymes.
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