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ABSTRACT: A novel inhibitor against maltose-producingamylase was prepared via stepwise degradation

of a high-molecular-weight acarbose (HMWA) usifigermugmaltogenic amylase (ThMA). The structure

of the purified inhibitor was determined to be-p-glucopyranosyk-acarviosinylp-glucopyranose
(GlcAcvGlc) by 13C NMR and MALDI-TOF/MS. Progress curves of PNPG2 hydrolysis by various
amylolytic enzymes, including MGase, ThMA, and CDase I-5, in the presence of acarbose or GlcAcvGlc
indicated a slow-binding mode of inhibition. Analytical ultracentrifugation and X-ray crystallography
analyses revealed that the presence of GlcAcvGlc increased the dimerization of ThMA. The formation of
dimer complexed with GlcAcvGlc might induce a conformational change in ThMA, leading to a two-
step inhibition process. The inhibition potency of GlcAcvGlc for MGase, ThMA, and CDase I-5 was 3
orders of magnitude higher than that of acarbose.

Acarbose is widely recognized as a potent inhibitor of A) CH;0H

several carbohydrases, includingglucosidase 1), glu- Hy H H
coamylase %, 3), a-amylase {, 4, 5), and cyclomaltodex- 0 HN/%\ /g\//&\ /%Ax
trin glucanotransferase (CGTases, 7). Acarbose is a OH "TH OH O OH Ono™" on "OH
pseudotetrasaccharide in which acarviosine, a pseudo sugar
ring (4,5,6-trihydroxy-3-[hydroxymethyl]-2-cyclohexen-1-yl) Acarviosine-glucose (PTS)
linked to the nitrogen of 4-amino-4,6-dideoryglucopyra- Acarbose
nose (4-amino-4-deoxy-quinovopyranose), is linked to

maltose by ax-(1—4)-glycosidic bond (Figure 1A). Acar-  B)
bose, an inhibitor most potent againgtglucosidase, is H H,OH
H\OH oH N H; H
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1Abbreviatt){ons: BBMA, Bacillus subtilis maltogenic amylase; on amylase agtlélty' A alcarbose; B, hlkgh-molgcu!ar-;/ve|?ht acarbose
BLMA, Bacillus licheniformismaltogenic amylase; BSMABacillus g:r']\g\é\éA)’ and &, a-b-glucopyranosyk-acarviosinylp-giucopy-
stearothermophilusnaltogenic amylase; CDase I-5, cyclomaltodex- )
trinase from alkalophiliBacillus sp. I-5; CGTase, cyclomaltodextrin ) ) ]
glucanotransferase;: CHCA, a-cyano-4-hydroxycinnamic acid; DNS,  produced byActinoplanessp. This species also produces a

dinitrosalicylate, G2-acarbose, maltosyl-acarbose; GICAcvGio- high-molecular-weight acarbose (HMWA), which is an

glucopyranosyh-acarviosinylp-glucopyranose; HMWA, high-molec- P ! .
ular-weight acarbose; HMBC, heteronuclear multiple bond connectivity; excellent inhibitor ofa-amylase {). HMWA is a mixture

HPIC, high performance ion chromatography; MALDI-TOF, matrix- Of homologue series with 730 glucose units linked to
assisted laser desorption ionization time-of-flight; MGase, maltogenase; acarviosine. Since the only difference between HMWA and

NMR, nuclear magnetic resonance; PNP@2itrophenyle.-p-malto- acarbose is the number of glucose units attached to acarvi-
side; PPA, porcine pancreaticamylase; ThMA Thermusmaltogenic

amylase; TLC, thin-layer chromatography; PTS, pseudotrisaccharide 0Sin€, the length of glucose chain determines the specificity
or acarviosine-glucose. of a target enzyme.
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Scheme 1 extract, 0.3% glucose, and 0.3% yeast extract) af@8
K, Ko Escherichia colMC1061 [F, araD139,recAlL3, A(araABC-
ErS = BS T Ep leu)7696, galU, galK, AlacX74, rpsL, thi, hsdR2, mcrB|
I harboring a plasmid containing the ThMA gene was cultured
"H" ; (A) in a Luria-Bertani (LB) medium (1% Bactotryptone, 0.5%
W yeast extract, and 0.5% NaCl) supplemented with ampicillin
El (100 ug/mL) at 37°C.

Maltogenase (MGase) 4000L was kindly provided by

kl k“ﬂl
E+S= > ES—> E~+P Novo Nordisk (Bagsvaerd, Denmark). ThMA was purified

+ 2

1 from the recombinank. coli strain as described previously
"ﬂ" (B) (17). Cyclomaltodextrinase of alkalophiliBacillus sp. I-5
I . (CDase I-5) was purified from th&. coli strain carrying
E-1 T<_> E“1 the corresponding gene as described previodsly Valtase
dow and sucrase from rat intestine were kindly donated by

Dr. Hye-Young Kim at Korea Food Research Institute

Activity assays in the presence of inhibitors such as acar- (Sungnam, Korea). Porcine pancreatiamylase and sweet
bose and methyl acarviosinide on a wild type and a mutant potato f-amylase were purchased from Sigma (St. Louis,
glucoamylase showed that th& values of the enzymes MO). Pure acarbose (96%, w/w) was provided generously
varied depending on the structure of each inhibi&r Park by Bayer Korea (Seoul, Koreg)Nitrophenyla-p-maltoside
et al. @) produced various acarbose derivatives using the (PNPG2) was purchased from Calbiochem (San Diego, CA).
transglycosylation reaction of maltogenic amylases from All other reagents used for inhibition kinetics were reagent-
Bacillus stearothermophilUBSMA) andThermug ThMA). grade.
Among the derivatives produced, isoacarbose was found to Preparation of GlcAeGlc from HMWA.For the produc-
be a potent inhibitor for porcine pancreatiamylase (PPA)  tion of HMWA, Actinoplanessp. KCTC9162 was cultured
(7). Development of acarbose derivatives as amylolytic in starch medium (5% soluble starch, 1% yeast extract, 0.2%
enzyme inhibitors provides a new approach for the manage-K:HPQ;). Two hundred milliliters of fresh medium contain-
ment of diabetes1(, 11). And it also provides a useful tool ing 6 g of glass beads was prepared in a 500 mL baffled
for screening a novel inhibitor against a target enzyife ( bottom flask and autoclaved at 12C for 15 min.Actino-

Slow binding, or time-dependent inhibition, is a wide- plan_essp. KCTC9162 was inoculated into_ the steri_lized
spread phenomenon among potent glycosidase inhibitorsmedium and cultured at 28C for 3—5 days in a shaking
(12—15), where the inhibition process is relatively slow, incubator (300 rpm, 8480-SF, Vision Science Co., Buchon,
occurring over a period of minutes or longer. Further studies Korea). The pH of the culture broth was adjusted to 2.5 with
on slow inhibition are required to get more detailed insight 0-1 M of HCI and stirred at ambient temperature for 2 h
into the binding mode of potent glycosidase inhibitors. From after activated charcoal (30 g/L; Sigma) was added. The
the kinetic point of view, most reversible time-dependent mycelium and charcoal was discarded by centrifugation at
inhibition is related with one of the two mechanisms depicted 8000 g for 15 min (VS-15, Vision Science Co.). The pH of
in Scheme 116). the supernatant was readjugted to 6 with 0.1 M NaOH and

In mechanism A, the inhibitor binds to the enzyme in a concentrated by 10 folds using a rotary vacuum evaporqtor
simple bimolecular reaction in a single step, but the associa- (EYELA, Tokyo, Japan). Starch and long-chain dextrins in
tion and dissociation rate constanks &ndks, respectively) the _concentrated supernatant (20 mL) were prec!p|tated by
are such that equilibrium is established slowly. In mechanism 24ding 80 mL of methanol. After removal of sediment by
B, binding between the enzyme and the inhibitor may have centrifugation (4000 g, 5 min), 800 mL of ethanol was added
an initial fast-binding step establishing equilibrium that is t© 100 ML of the supernatant. Finally, HMWA was collected
defined by the on and off rate constakisandks, just as in by centrifugation and dissolved in 200 mL of 50 mM sodium
mechanism A. However, binding of the inhibitor induces a 2cétate buffer (pH 6.0). _ _
reversible conformational transition or isomerization of the _TO Produce GlcAcvGle, we incubated HMWA solution
enzyme, leading to a tightly bound enzymiahibitor com- (200 ML) with 25 400 U of ThMA (127 U/mL) at 55C for
plex E-I, where the forward and reverse rate constants for 24 h- HMWA hydrolysate was filtrated using an ultrafiltration
the equilibrium between these two inhibitor-bound confor- Kit (150 mL capacity, Millipore, Bedford, MA) with YM10
mations of the enzyme are given kyandks, respectively. membrane (MW cutoff= 10000, Millipore). The filtrate was

In this study, a hydrolysis product of HMWA was obtained concentrated using a SpeedVac (Savant, Holbrook, NY), and

by the action of ThMA, and its structure and physicochemical Telggngﬁ]ntza;eggvai]l%aei%dsci):éo giféoefjelHZ::&%l:mg A()1.5
properties were characterized. In addition, the efficacy and ) - HIT DEC . N ' :
. R o The fractions with inhibition activity against ThMA were
specificity of the inhibitora-p-glucopyranosyk-acarviosi- concentrated and loaded onto a BioGel P-2 column (.5
nyl-p-glucopyranose (GlcAcvGlc), on maltose-producing :

enzymes such as maltogenase, maltogenic amylase, an rg(():ti(c:)r:é jvggrzoaﬂmliggig ;'Eemigﬁ?gg'e zgleunmtgzsrfgjor
cyclomaltodextrinase were also investigated. pp

cm, 25-60 um bead size, Sigma) that was pre-equilibrated
GlcAcvGlc fractions were collected and concentrated using
Microorganisms, Enzymes, and Reagents. Actinoplgimes  a SpeedVac. Finally, the concentrated sample was desalted
KCTC9162 was cultured in YMG medium (1.0% malt using a BioGel P-2 column (1.% 100 cm). The GlcAcvGlc
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fractions were collected and lyophilized for future uses.
About 50 mg of GlcAcvGlc was obtained from a liter of
culture supernatant.

Enzyme AssaylhMA activity was assayed at 58 by
the dinitrosalicylate (DNS) method using 0.5% (w/v) cyclo-
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25 cm, Dionex, Sunnyvale, CA) and eluted with a3D%
of 600 mM sodium acetate gradient in 150 mM NaOH at a
flow rate of 1.0 mL/min.

Nuclear Magnetic Resonance (NMR) Analydike 13C
NMR spectrum was recorded using a JNM LA-400 FT-NMR

maltoheptaose dissolved in 50 mM sodium acetate buffer spectrometer (JEOL, Tokyo, Japan) and Heteronuclear

(pH 6.0) as a substratd{). One unit (U) of the enzyme
activity was defined as the amount of enzyme that split 1
umol equivalent of glycosidic bond in the substrate in one
minute under the reaction conditions.

Progress Cuve DeterminationsAll reactions were carried

Multiple Bond Connectivity (HMBC) mode.

Matrix-Assisted Laser Desorption lonization Time-of-
Flight (MALDI-TOF) Mass Spectrometer Analysihe
MALDI-TOF mass spectrum was collected using a VVoyager-
DE (Perseptive Biosystem, Framingham, MA) system. As a

out using PNPG2 as a substrate in 50 mM sodium phosphatematrix, a-cyano-4-hydroxycinnamic acigCHCA, Sigma)

buffer (pH 7.0) at 40C. Enzyme activities were measured
continuously using Ultrospec Ill spectrophotometer (Phar-
macia, Uppsala, Sweden). Two hundred and fifty microliters
of 20 mM PNPG2 and 5Q:L of inhibitor at various

concentrations were transferred into a cuvette (1 cm path-

length, 1 mL capacity), which was preheated for 5 min in a
water-jacketed turret circulated with 4C water. Enzyme
solution prewarmed at 40C for 5 min (200uL) was added
to the preheated substratmhibitor mixture. The total

elapsed time between enzyme addition and the initiation of

data collection was less than 15 s. The formatiop-aftro-

phenol was monitored continuously at 400 nm. The data were
analyzed using the nonlinear regression program of Sigma-

Plot (SPSS Inc., Chicago, IL) to give the individual param-
eters for each progress curve; (initial velocity), vs (steady-
state velocity), andps (apparent first-order rate constant
for the transition fronwyg to vs) according to eq 116):

[P]= vt + (vg — v[1 — exp(= Kope)l/Kops (1)

where P is theg-nitrophenol formed and represented by the
Asoonm increase and is the reaction timeK,, values of
PNPG2 for each enzyme were determined from Line-
weaver-Burk plot (19).

Determination of 1G,. The 1G of an inhibitor was
determined as the concentration of the inhibitor causing

decrease of an enzyme activity by 50%. The enzyme activity

was measured using the glucose oxidgseroxidase method
(20) for maltase and sucrase or the DNS methdd) for
o-amylase,s-amylase, and ThMA. Following a 10 min
preincubation of an enzyme with various concentrations of
an inhibitor, the reaction was initiated by adding the
enzyme-inhibitor mixture to an appropriate substrate solu-

was used. One microliter of the purified sample an@HCA

was dropped on a sample applicator and dried well. Then,
the sample plate was placed in the Voyager-DE Biospec-
trometry workstation operated with acceleration voltage of
20 kV.

Analytical UltracentrifugationSedimentation equilibrium
measurements were performed using a Beckman Optima
XL-A analytical ultracentrifuge (Beckman Coulter, Inc.,
Fullerton, CA) equipped with a four-hole rotor with standard
either two or six channel cells at a rotor speed of 10,000
rpm. The absorbance-versus-radius distributia(3 were
recorded at 280 nm, and the dissociation constdgt\Was
calculated according to Kim et al21).

Crystallography.ThMA crystals were obtained by vapor
diffusion from droplets of 2«L of protein (10 mg/mL in 20
mM maleate, pH 6.8) and 0&L of a precipitant solution
containing 0.5 M lithium sulfate, 0.3 M ammonium sulfate,
and 0.1 M sodium citrate (pH 5.6) in 4% ethanol (v/v), which
were equilibrated against 1 mL of the same precipitant
solution at 22°C (22). The crystals of ThMA in complex
with GlcAcvGlc were obtained by soaking the native crystal
with 1 mM of an inhibitor. Diffraction data to 2.55 A were
obtained from a flash-cooled crystal using the synchrotron
X-ray beamline BL6B at Photon Factory (Tsukuba, Japan).
The details of X-ray data collection, structure determination,
and refinement were described previoustp)(

RESULTS

Production of GlcAeGlc. Actinoplanessp. KCTC9162
produced acarbose in the culture broth when maltose or
glycerol was added as a carbon soudje©n the other hand,
HMWA, much longer compounds with strong inhibition

tion (maltose for maltase; sucrose, sucrase; soluble starchactivity againsto-amylase, were produced in the presence

o- and g-amylase; and cyclomaltoheptaose, ThMA). The
reaction was maintained for 10 min at 3C (55 °C for
ThMA).

Thin-Layer Chromatography (TLC) and High-Perfor-
mance lon Chromatography (HPIC) Analys&be reaction
mixtures were analyzed by TLC using Whatman K6F silica
gel plates (Fischer Scientific, Pittsburgh, PA) and a sol-
vent system of ethyl acetate/isopropyl alcohol/water (1:3:1,
vIviv). After being developed twice, the TLC plate was dried
and visualized by dipping into a solution containing 0.3%
(w/v) N-(1-naphthyl)-ethylenediamine and 5% (v/v)$0,
in methanol and heated at 12C for 10 min. For HPIC
analysis, the reaction mixture was diluted with water and
filtered using a membrane filter kit (0.4Bn pore diameter,
Pall Life Sciences, Ann Arbor, MI). Twenty microliters of
the sample was applied to a Carbopak PA1 column £0.4

of starch. They have an acarviosine core structure in which
7—30 of b-glucose units are linked at both sides (Figure 1B).
To produce large amounts of HMWA, we cultur@édtino-
planessp. KCTC9162 for 7 days in starch medium. The
culture broth turned dark to black as the growth proceeded.
Strong inhibition activity againsti-amylase was found in
the cell-free supernatant.

HMWA was hydrolyzed with ThMA for the production
of GlcAcvGlc (Figure 2). ThMA degraded HMWA readily
to maltose and smaller compounds, including GlcAcvGlc.
GlcAcvGlc was not further hydrolyzed by ThMA and
accumulated in a considerable amount. Since GIcAcvGlc
itself is an inhibitor for maltogenic amylases (discussed
below), the hydrolysis rate of HMWA decreased as the
reaction proceeded. The HMWA hydrolysate and purified
GlcAcvGlc were analyzed by HPIC and TLC, respectively
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Ficure 2: Scheme for the production of GlcAcvGlc. HMWA was produced in the culture brotAdiinoplanessp. KCTC9162 using
starch as a carbon source. Hydrolysis of HMWA by ThMA produced GIcAcvGlc and other analogues (A). GlcAcvGlc was degraded to
D-glucose and acarviosine-glucose by glucoamylase (B).
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Ficure 3: HPIC and TLC analyses of GIcAcvGlc. A, HPIC of HMWA hydrolysate by ThMA; and B, TLC of GlcAcvGlc digested with
glucoamylase from\spergillus niger 100uL of GlcAcvGlc (0.5%, w/v) was incubated with 0.3 U of glucoamylase for 12 h &tG0Lane

A was spotted with maltodextrin (glucose, G1, to maltoheptaose, G7); lane B, standards of acarviosine-glucose, acarbose, and isoacarbose
(top to bottom); lane C, untreated GlcAcvGlc; and lane D, GlcAcvGlc digested with glucoamylase. Peak and spot 1 represent glucose; peak
2, maltose; peak 3, panose; spot 4, acarviosine-glucose; peak and spot 5, GIcAcvGlc; pe&akaniltosyl-maltose; and peak 7, glucosyl-
acarbose. The arrow indicates the point at which acarbose is eluted.

(Figure 3). Besides GlcAcvGlc (peak 5), small molecules (Figure 3B). Although GIcAcvGlc has the same molecular
such as glucose, maltose, and glucosyl-acarbose were alsweight as acarbose, the chromatographic mobility of
produced (peaks 1, 2, and 7, respectively, in Figure 3A). A GlcAcvGlc was slower than that of acarbose in TLC (Fig-
small amount of branched oligosaccharides such as panoseire 3B, lane C). Similarly, it migrated slightly faster than
and 6-O-a-maltosyl-maltose were produced simultaneously acarbose in HPIC (Figure 3A, peak 5). When GlcAcvGlc
by the transglycosylation reaction of ThMA (Figure 3, peaks was degraded by glucoamylase, glucose and acarviosine-
3 and 6;17). GlcAcvGlc was further analyzed by TLC glucose were observed.
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Table 1: *3C NMR Signals (unit: ppm) of GIcAcvGlc

carbon acarviosine-
atom$ GlcAcvGlc glucose p-glucose  differences
ring | 1 92.7 92.7 0.0
2 74.1 74.1 0.0
3 75.4 75.4 0.0
4 77.8 77.9 0.1
5 715 71.3 0.2
6 61.5 61.5 0.0
ringll 1 100.5 100.6 0.1
2 70.8 70.8 0.0
3 73.3 73.4 0.1
4 64.9 65.6 0.7
5 70.0 70.0 0.0
6 18.2 18.2 0.0
ring 1 55.9 56.9 1.0
2 72.1 72.1 0.0
3 73.8 73.7 0.1
4 76.6 72.0 4.6
5 126.1 124.2 19
6 137.9 140.1 2.2
7 62.8 62.4 0.4
ringlv. 1 98.4 92.9 5.5
2 72.2 72.2 0.0
3 735 735 0.0
4 70.2 70.4 0.2
5 77.0 76.5 0.5
6 61.3 61.4 0.1

a13C signals of acarviosine-glucose anejlucose were obtained
from comparison with those of standard compounds, acarviosine-
glucose and-glucose.? Numbering of the carbon of GlcAcvGlc are
as follows:

CH OH CH ,OH CH OH

S B

OH HO OH HO OH HO

Structure Determination of GIcAGIc. To determine the
structure of GIcAcvGlc, we obtained it4C NMR spectrum
and listed the signals in Table 1. The chemical shift, 72.0
ppm, for C-4 of the cyclohexenyl ring (Ring Ill) of
acarviosine-glucose moved upfield in case of GlcAcvGlc
with the chemical shift of 76.6 ppm. Smaller chemical shifts

were observed for the other carbon atoms. The large chemical

shift of the carbon, C-4 of cyclohexenyl ring of GlcAcvGlc
indicates the presence of a glycosidic linkage at this position.
Thus, the structure of GlcAcvGlc was determinedoas-
glucopyranosyl-(+-4)-[4,5,6-trihydroxy-3-(hydroxy-methyl)-
2-cyclohexen-1-yl]-[4-amino-4-deoxy-D-glucopyranosyl]-
(1—4)-p-glucose.

The molecular weight of purified GlcAcvGlc was analyzed
using a MALDI-TOF mass spectrometer (data not shown).
Three peaks appeared in a spectrum at masgasqf 646.6,
668.5, and 684.7. Each peak corresponds to GIcAcvGlc (M)
combined with a proton ([M+ H]"), a sodium ion ([M+
Na]*), and a potassium ion ([M- K] ™), respectively. From
the result, the molecular weight of GlcAcvGlc was deter-
mined as 645.6, which was in accordance with that of
acarbose, 645.63.

To confirm the structure of GlcAcvGlc, it was incubated
with glucoamylase fromAspergillus nigerand analyzed
the reaction mixture by TLC (Figure 3B, lane D). Most
GlcAcvGlc was hydrolyzed tm-glucose and acarviosine-
glucose by glucoamylase. This result indicated that the
D-glucose molecule at the nonreducing end of GlcAcvGlc
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was released by the action of glucoamylase and the rem-
nant was acarviosine-glucose. Thus, it was postulated that
GlcAcvGlc had ap-glucose unit linked to the nonreducing
end of acarviosine-glucose, which correlated with the NMR
data.

These results indicated that the structure of GlcAcvGlc
differed from that of acarbose in the position mfjlucose
(Figure 1, panels A and C). That is, in acarbose;gucose
unit is linked to the reducing end of acarviosine-glucose,
while the p-glucose of GlcAcvGlc is linked to the nonre-
ducing end of acarviosine-glucose. Consequently, the linkage
in the middle of the pseudotetrasaccharide molecule is
modified with an amino group, which is not likely to be
cleaved by an enzyme. Therefore, GlcAcvGlc will likely to
be useful for inhibiting amylolytic enzymes that hydrolyze
starch to maltose units by cleavage of the C-4 linkage.

Time-Dependent Inhibition of MGase by Acarbose and
GlcAawGlc. To investigate the inhibitory effect of acar-
bose and GlcAcvGlc on maltose-producing enzymes, we
assayed MGase activity with the inhibitors. MGase showed
time-dependent inhibition in the presence of acarbose or
GlcAcvGlc (Figure 4, panels A and B). The reaction rate of
the enzyme decreased gradually as the reaction proceeded
and finally reached a steady-state velocity).(While the
initial velocity (vo) of the reaction was independent of the
concentration of both inhibitors,s was reduced. As shown
in Figure 4, the progress curve was linear in the absence of
the inhibitors, which indicated that there was no effect caused
by substrate depletion. The progress curves obtained using
various concentrations of the inhibitors were fitted to eq 1
to determinevo, vs, andkops The plots forkps versus [I] are
shown in panels C and D in Figure 4. Each plot shows linear
dependence on the concentration of the inhibitors, which is
one of typical properties of mechanism A involving single
step of inhibition 23). In mechanism A, the plot fokgps
versus [I] should be straight line with the following equations
(16):

V. 2
kObS_ 4 1+[S]/Km ( )
Ki K 3)

where [I] and [S] are the concentration of inhibitor and
substrate, respectivelks and k, are the association and
dissociation rate constants ofIEomplex, respectivelyk;

is a dissociation constant of-Ecomplex, andK,, is the
Michaelis constant. Th&, value of the substrate, PNPG2,
was 7.0 mM for MGase. The results of initial velocity and
plots ofkypsVersus [1] indicated that the inhibition of MGase
by acarbose or GlcAcvGlc followed mechanism A. The
kinetic parameterss andks, were estimated by fitting the
plots ofkgus versus [1] to the eq 2, and then thgvalue was
calculated using the eq 3 (Table 2). Tl value of
GlcAcvGlc, 0.44 nM, was far smaller than the 0,281 of
acarbose, showing that the inhibitory activity of GIcAcvGlc
toward MGase was about 560 times more potent than that
of acarbose. The association rate constaiof GlcAcvGilc,
147 uM~*min~%, was much larger than that of acarbose,
0.0647 uM~*min~1. The result indicated that the rate of
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Ficure 4: Time-dependent inhibition of MGase in the presence of acarbose and GIcAcvGlc. MGase was added to the reaction mix-
ture containing a substrate, PNPG2, and various concentrations of inhibitors. The final concentration of the enzyme was 0.5 nM. Pro-
gress curves for acarbose (panel A) and for GlcAcvGlc (panel B) were obtained continuously, but only 30 data points are shown for
clarity. The time-dependent loss in activity was fit to eq 1 (solid lines). The pseudo-first-order rate corgignteived from the fit

are plotted against the concentrations of inhibitors (panel C for acarbose and D for GlcAcvGlc). The straight lines represent the best
fits of the data to eq 2, and the kinetic parameté&gslky) are derived from the fits. Error bars are standard deviations from duplicate data
sets.

Table 2: Kinetic Parameters for the Time-Dependent Inhibition of Amylases by Acarbose and GIcAcvGlc

kinetic parametef§mechanism A) kinetic parametégmechanism B)

enzyme inhibitors ks(«M~tmin™1) ks (mMin—1) Ki (nM) ks (min~1) ks (min~1) ks/Ke Ki (uM) K (nM)  potency

MGase acarbose  0.06470.0008 0.016Q: 0.0014 247t 18 1

GlcAcvGlc 147+ 7 0.0643+ 0.0063 0.439t 0.062 563

ThMA acarbose 0.374 0.010 0.0173t 0.0063 21.6 8.1& 0.60 362+ 135 1
GlcAcvGlc 3.61+0.32  0.0333t 0.0074 108.4 0.0272 0.0033 0.249+ 0.067 1450

CDase I-5 acarbose 0.59430.038 0.020Gt 0.0057 29.7 25.% 3.5 822+ 266 1
GlcAcvGlc 3.30+£0.28 0.0688t 0.0100 48.0 0.0369- 0.0081 0.754t 0.208 1090

2These values were derived froke,s vs [I] plots by fitting the data to eq 2 eq 5.° Potency was calculated by dividing the (or Ki*) of
acarbose with th&; (or Ki*) of GlcAcvGlc.

MGase-GIcAcvGlc complex formation was faster and the nism B. Also, the plot ofk.,s versus [I] is not linear but
binding affinity of GlcAcvGlc to MGase was better than hyperbolic in mechanism B, and the relationship can be

those of acarbose. described as the following equations:

Time-Dependent Inhibition of ThMA and CDase I-5 by
Acarbose and GlcA®Ic. The progress curves of ThRMA and _ ks[l)/ K; 4
CDase |-5 were also hyperbolic representing slow-binding Koos = ke 1+ [SVK,, + VK, 4)
inhibition (Figure 5, panels A and B; Figure 6, panels A
and B). In contrast to MGase, the initial velocityp and whereks and ks are the forward and reverse isomerization
the steady-state velocityd] decreased as the concentration
of the inhibitors increased in assays with ThMA and CDase K* = K. Ke 5)
I-5. In general, one of the different properties between ' ks + kg

mechanism A and B is the constancy of initial velocity in
the presence of slow-binding inhibitd24). That is,v, does rate constants, respectively, ad is the overall inhibition
not vary with [I] in mechanism A but decreases in mecha- constant. Th&, values of PNPG2 were 0.20 and 0.18 mM
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Ficure 5: Time-dependent inhibition of ThMA in the presence of acarbose and GlcAcvGlc. Each curve was obtained as described in the
legend to Figure 4. The final concentration of the enzyme was 3.4 nM. In panels C and D, the curves represent the best fits of the data to
eq 4, and the kinetic parameteis,(ks, ks) are derived from the fits. Error bars are standard deviations from duplicate data sets.

for ThMA and CDase I-5, respectively. The transition rate gave the intercepts of 0.31 and 2.45, respectively. The
constantsing of ThMA and CDase I-5 showed a hyperbolic  positive values of the intercept confirmed that both enzymes
dependence on the concentration of the inhibitor (Figure 5, were inhibited in the mode of mechanism B.

panels C and D; Figure 6, panels C and D), so the inhibitions Inhibition of Other Amylolytic Enzymes by GleAsic.

of ThMA and CDase I-5 by both inhibitors followed Table 3 shows the I&values of several amylolytic enzymes
mechanism B. The kinetic parameteks, ks, Ki, and Ki*, in the presence of acarbose or GlcAcvGlc. Although both
were derived from the plots by fitting the results to eqs 4 maltase and sucrase from rat intestine were inhibited more

and 5 and summarized in Table 2. Both acarbose andefficiently by acarbose than by GlcAcvGle;amylase from

GlcAcvGlc acted as slow-binding inhibitors for ThMA
and CDase I-5. The overall inhibition constani&*) of
GlcAcvGlc were far smaller than those of acarbdsg.of
GlcAcvGlc for ThMA and CDase I-5 was 0.25 and 0.75 nM,
respectively, while that of acarbose was 0.36 and @82
respectively. In other words, inhibitor potencies of
GlcAcvGlc for ThMA and CDase I-5 were 3 orders of

porcine pancreas (PPA) was more sensitive to GlcAcvGlc
than acarbose. GlcAcvGlc was most effective for ThMA as
expected. Ig of GlcAcvGlc for ThMA, 68 nM, which was
significantly less than the Kz (340 nM) of acarbose,
indicatied that GlcAcvGIlc was a much better inhibitor of
ThMA. Neither GlcAcvGlc nor acarbose was an inhibitor
for sweet potatgg-amylase.

magnitude superior to those of acarbose. Also, forward rate Effect of GlcAeGlc on the Quaternary Structure of ThMA.

constants Ks) for the isomerization of the enzyme

ThMA is present in equilibrium between monomer and dimer

GlcAcvGlc intermediate to a more stable complex is about in solution 2). In the ThMA dimer, the N-terminus of one

10 times larger than those for enzysrecarbose complex.
The result reveals that GlcAcvGilc is a more suitable inhibitor
converting the enzymeinhibitor intermediate into the more

unit covered the top part of the active site of the other unit,
which makes the enzyme active site narrow and dégp (
The dimeric form of ThMA increased significantly from

stable form. Since the faster forward isomerization rate of 46.8% to 81.0% by adding 30M of GIcAcvGlc to the

the enzyme-inhibitor complex causes the shorter duration
time of the complex, the steady-state concentration-bisE

enzyme solution (Table 4). This indicates that the monomer/
dimer equilibrium was shifted to dimeric form in the presence

decreased, and the inhibition seems to follow mechanism A of the inhibitor. This result is supported by the X-ray

(16). To determine the mode of time-dependent inhibition,
a plot of 1/fons — ks) versus 1/[I] may be usefulf). The
y-intercept of the linear plot is positive in mechanism B
represented by B, while it is zero in mechanism A (Figure
7). The plots for GlcAcvGlc and acarbose against ThMA

crystallographic analysis of ThMA crystals complexed with
GlcAcvGlc (Figure 8). Residues from both th&q)s barrel

of one subunit and the N-terminal domain of the other subunit
are involved in the binding of the inhibitor, inducing the
dimeric state of ThMA. GlcAcvGlc binds in the catalytic
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Ficure 6: Time-dependent inhibition of CDase I-5 in the presence of acarbose and GIcAcvGlc. Each curve was obtained as described in
the legend to Figure 4. The final concentration of the enzyme was 8.1 nM. In panels C and D, the curves represent the best fits of the data
to eq 4, and the kinetic parametefs, (ks, ks) are derived from the fits. Error bars are standard deviations from duplicate data sets.

residues (Asp328, Glu357, and Asp424) of one subunit by equilibrium between monomer and dimer in solution, and
hydrogen bonds. In additions, residues (Tyr45, Arg83, and its substrate specificity was dependent on the oligomeric state
Asp110) in the N-terminus of the other subunit also interact of ThMA (22, 27). Moreover, analytical ultracentrifugation
with the deoxyglucose unit and reducing end of GlcAcvGlc. study and X-ray crystallography of ThMA-GIcAcvGlc
Due to the additional hydrogen bonds, the ThMA  complex indicated that GlcAcvGlc promoted the shift toward
GlcAcvGlc intermediate is supposed to form a more stable dimer from monomer of ThMA in solution (Table 4 and
complex. From these results, GlcAcvGlc in the reaction Figure 8). A similar phenomenon of substrate-induced
mixture is likely to favorably induce the dimerization of oligomerization was observed in NADPH:FMN oxidoreduc-
ThMA, thereby stabilizing the enzymeénhibitor complex tase fromVibrio harveyi (28) in which binding of flavin

and being responsible for the two-step inhibition via mech- mononucleotide to the apoenzyme promoted dimerization of

anism B of slow-binding inhibition. the enzyme with a decrease of dissociation constant from
3.3 to 1.8uM. In the case of the RNA polymerase from
DISCUSSION Sulfolobus shibataethe 48 kDa monomer forms a stable

f salt-resistant dimer in solutio29) and further dimerization

of the dimeric enzyme to a tetramer is induced by the binding
of two tRNA molecules. Therefore, the slow-binding mech-
anism B seems to be associated with the change in the
m duaternary structure of ThMA. Dimerization of ThMA
acarbose by acid hydrolysis, but not GIcAcvGlc by the induced by the formation of the T_théGIcAchIc complex
procedure. Both GIcAcvGlc and acarbose showed time- CUSes the secondary conformational change of the enzyme
dependent inhibitions against MGase, ThMA, and CDase I-5. inhibitor complex. CDase I-5 forms a dodecam&0)(

The inhibition of ThMA and CDase I-5 by acarbose or therefore, it may behawor similarly to ThMA._ I|_1 contrast,
GlcAcvGlc followed mechanism B, while that of MGase MGase exists exclusively as a monomt)(and is inhibited
followed mechanism A in Scheme 1. To explain the PY GlcAcvGle following mechanism A.

difference in inhibition mechanism between MGase and GlcAcvGlc showed strong inhibitory effect especially on
ThMA (or CDase I-5), the oligomeric state of the enzymes the maltose-producing amylases such as MGase, ThMA, and
should be taken into consideration as a major factor amongCDase |I-5 (Table 2). For the three enzymes teste@nd
several possibilities. Recently, ThMA was reported to be in Ki* of GlcAcvGlc were in the nanomolar range, while those

In the present study, we described the production o
GlcAcvGlc and its inhibition properties for maltose-produc-
ing enzymes including MGase, ThMA, CDase I-5, and some
other amylolytic enzymes. Junge et &6) prepared acarvi-
osine-glucose, acarviosine, and some byproducts fro
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Table 3: Inhibitory Activities of Acarbose and GlcAcvGlc against

Various Amylolytic Enzymes

ICsc? (uM)
enzyme’ acarbose GlcAcvGlc potenty
maltase 0.24-0.01 4.1+ 0.2 0.058
sucrase 0.96: 0.01 8.1+ 0.2 0.12
a-amylase 2°#0.3 1.2+ 0.2 2.2
p-amylase N Ne -
ThMA 340+ 30 0.068+ 0.01 5040

@ The IG value represents the concentration of an inhibitor causing
50% decrease of the enzyme activity. The values are the me&b.
of three separate experimentdaltase and sucrase are from rat
intestine;a-amylase, porcine pancreg&amylase, sweet potato; and
ThMA, a maltogenic amylase froffihermussp.¢No inhibition was
observed at 1 mM of the inhibitoré Potency was calculated by dividing

the 1G; of acarbose with the 1§ of GlcAcvGlc.

Biochemistry, Vol. 41, No. 29, 20082107

Table 4: Monomer/Dimer Equilibrium of ThMA in the Presence of
GlcAcvGIc?

GlcAcvGlc monomer dimer
(uM) K12 (M) (%) (%)
0.0 (7.04£ 0.44)x 1077 53.2 46.8
0.075 (2.14+0.19)x 107 36.2 63.8
1.5 (1.46+0.07)x 1077 31.4 68.6

30.0 (4.23+0.98)x 10°® 19.0 81.0

aThe ratios of monomer and dimer were determined by fitting the
analytical ultracentrifugation data obtained &C4(21). The concentra-
tion of ThMA was 0.117 mg/mL® The dissociation constant between
dimer and monomer of ThMA in solutior2l). The values are the
meanst S.D. of three separate experimeritdlolar ratio.

E357

D3z2s

Ficure 8: Binding of GlcAcvGlc at the active site of ThMA. The
crystals of ThMA complexed with GlcAcvGlc were obtained by
soaking the inhibitor into the native crystétd). Residues from
both the (f/a)g barrel (from one subunit) and the N-terminal do-
main (from the other subunit) are involved in the binding of the
inhibitor and are shown in magenta and green, respectively. The
three catalytic residues are labeled in red. Hydrogen bonds are
indicated as dotted lines. The figure was produced using the
program MOLSCRIPT 36). Diffraction data to 2.55 A were
obtained from a flash-cooled crystal using the synchrotron X-ray
beamline BL6B at Photon Factory (Tsukuba, Japan). Experimental
detail and full description of the structure was described in Materials
and Methods.

GlcAcvGlc complex (Figure 8) indicates that the linkage to
be cleaved lies between unsaturated cyclitol and 4-amino-
4,6-dideoxy glucose close to the catalytic residues of Asp328,
Glu357, and Asp424. CDase I-5 and MGase also produce
maltose mainly from linear maltooligosaccharidag, (33),

and the subsite location of the inhibitor is likely to be
identical to that of ThMA. Besides acarbose inhibited ThMA
with less inhibitory effect than GlcAcvGlc, it could be
hydrolyzed into acarviosine-glucose and glucose by ThMA.
Therefore, the acarviosine moiety of acarbose is supposed

of acarbose were in the micromolar range; that is, the to locate at either the-1 to +1 (when inhibiting) or the-2

inhibition potency of GlcAcvGlc was about 3 orders of

to —1 (when being hydrolyzed) subsite of ThM2&1). From

magnitude better than that of acarbose. Since ThMA readily this reason, GlcAcvGlc showed a better inhibition than
hydrolyzes maltotetraose to two molecules of maltose ratheracarbose for maltose-producing enzymes. GlcAcvGlc in-

than glucose and maltotrios&), binding of maltotetraose
at the —2 to +2 subsite of ThMA is supposed to be

hibited PPA more effectively than acarbose (Table 3). This
result is reasonable considering the catalytic properties of

thermodynamically most favorable. The binding pattern of amylases. When maltotetraose specifically labeled in the
GlcAcvGlc seems to be similar to that of maltotetraose, reducing glucose unit was treated with PPA, 70% of

which is located at the-2 to +2 subsite so that the
acarviosine unit is positioned at thel to +1 subsite of
ThMA. The X-ray crystallographic structure of the ThMA

maltotetraose was hydrolyzed to maltose and labeled maltose,
while the first glycosidic linkage from nonreducing end was
hardly cleaved 34). That is, the most favorable binding
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