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ABSTRACT. A sequence alignment shows that residue 332 is conserved as glutamate in maltogenic amylases
(MAases) and in other related enzymes such as cyclodextrinase and neopullulanase, while the corresponding
position is conserved as histidine inamylases. We analyzed the role of Glu332 in the hydrolysis and

the transglycosylation activity athermusMAase (ThMA) by site-directed mutagenesis. Replacing Glu332

with histidine reduced transglycosylation activity significantly, but enhanced hydrolysis activity(H)3)-,

o-(1,4)-, anda-(1,6)-glycosidic bonds relative to the wild-type (WT) enzyme. The mutant Glu332Asp
had catalytic properties similar to those of the WT enzyme, but the mutant Glu332GIn resulted in
significantly decreased transglycosylation activity. These results suggest that an acidic side chain at position
332 of MAase plays an important role in the formation and accumulation of transfer products by modulating
the relative rates of hydrolysis and transglycosylation. From the structure, we propose that an acidic side
chain at position 332, which is located in a pocket, is involved in aligning the acceptor molecule to
compete with water molecules in the nucleophilic attack of the glyeosyzyme intermediate.

For the past decade, we have studied new members of4-amino-4,6-dideoxy-glucopyranose, which is linked to a
the o-amylase family, maltogenic amylases (MAasks), maltose unit by aru-(1,4)-glycosidic bond g). The non-
which possess properties distinct from those of other amyl- cleavable bond of acarbose binds to the active site cleft of
olytic enzymes1—3). The enzymes hydrolyze bottz(1,4)- the target enzymes, which strongly inhibits the hydrolysis
and a-(1,6)-glycosidic linkages of starch to yield maltose activity of various amylases, including glucoamylagé)(
as the major product. Furthermore, MAases preferentially a-glucosidase X1), o-amylase 12), and CGTase 1Q).
hydrolyze cyclodextrins (CDs) which are poor substrates for MAases not only hydrolyze acarbose but also transfer PTS
other known amylolytic enzymes. In addition to the hydroly- to various acceptor molecules by forming an(1,3)-,
sis activity, MAases catalyze the transglycosylation reaction o-(1,4)-, ora-(1,6)-glycosidic linkage3, 8).
in the presence of various acceptor molecules and accumulate pye to their catalytic versatility, especially transglycosyl-
branched oligosaccharide products. These catalytic propertiesation activities, MAases and related enzymes have been
are shared by cyclodextrinases and neopullulanaseg)(  subjects of intense investigation. Matsui et a¥)(reported
Recently, we reported an interesting observat@r8) that  that aromatic residues, conserved in the active center of
MAases could hydrolyze acarbose, a potent amylase inhibi- Saccharomycopsis-amylase, affect its transglycosylation.
tor, to produce glucose and acarviosine-glucose (pseudo-Cha et al. ?) and Kuriki et al. (5) showed that the
trisaccharide; PTS). Acarbose is a pseudotetrasaccharidewydrophobicity near the active sites was critical to the
containing a pseudo sugar ring linked to the nitrogen of transglycosylation reaction of MAases. When the hydropho-
bicity near the active site was increased by site-directed
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Conserved regions

Enzyme Ref.
I 11 111 v
[ [ ] [
Thermus strain (ThMA) 242 DAVFNH 324 GWRLDV. 357 EIWH 419 LLGSHD 3
MAase Bacillus licheniformis (BLMA) 245 DAVFNH 324 GWRLDV. 357 EIWH 419 LLDSHD 1
B. stearothermophilus (BSMA) 242 DAVFNH 324 GWRLDV. 357 EIWH 419 LLGSHD 2
Cyclodextrinase  alkalophilic Bacillus 238 DAVFNH 321 GWRLDV. 354 EVWH 416 LLDSHD 4
TVAI Thermoactinomyces vulgaris 239 DVVANH 321 GWRLDV. 354 EIWH 292 LLDSHD 7
Neopullulanase B, stearothermophilus 242 DAVFNH 324 GWRLDV. 357 EIWH 419 LLGSHD 6
Aspergillus oryzae 117 DVVANH 202 GIRID 230 EVLD 292 FVENHD 21
o-amylase B. stearothermophilus 101 DVVFDH 230 GFRLDGLKI| 264 EYWS 326 FVDNHD 22
barley 101 DIVINH 127 DGRLDWGH: 218 EVWD 299 FVDNHD 23
B. macerans 135 DFAPNH 225 GIRFDA 258 EWFL 324 FIDNHD 24
CGTase B. stearothermophilus 131 DFAPNH 221 GIRMDA 253 EWFL 319 FIDNHD 24
Klebsiella pneumoniae 130 DYADNH 219 AIRIDAT 257 EWFG 328 FMDNHD 25
Pullulanase Klebsiella aerogenes 590 DVVYNH 661 GFRFDLMGY{ 693 EGWD 817 YVSKHD 26

Ficure 1: Comparison of amino acid residues in the conserved regions of maltogenic amylases and related enzymes. The glutamate conserved
in MAases and the equivalent residues in other amylolytic enzymes are indicated with black highlight. Black @yalegrésent the
residues constituting the catalytic site.

His296, corresponding to His247, Asp328, Asn331, Glu332, at 37°C. An expression vector, p6xHis119, was constructed
and His423 of ThMA, respectively, probably participate in and used for overproduction of wild-type and mutant
substrate bindingl(7, 18). Sequence alignments afamyl- enzymes J).
ases and related enzymes suggested a comfifajy-parrel Site-Directed MutagenesiSite-directed mutagenesis to
as the catalytic core domain with four highly conserved ntroduce anXbal site was performed using a Quikchange
regions (9, 20). Sequence alignment of highly conserved sjte.directed mutagenesis kit (Stratagene) and a PE9600
regions revealed that residue 332 is glutamate in MAaseSihermal cycler (Perkin-Elmer). After PCR, the amplified
and other related enzymes, while the corresponding positionpna fragments were phosphorylated by T4 polynucleotide
is conserved as histidine in typiaalamylases without potent  yinase and ligated by T4 DNA ligase. Transformation and
transglycosylation activity (Figure 1). Also, we found that gcreening the transformants were carried out by the calcium
the Glu332 re5|due_ is _Iocated in a pocket, which we called ¢horide 09 and iodine methodslj, respectively. Other
the “extra sugar-binding space”, from the recent X-ray mytations were introduced by cassette mutager@8jsiging
structure of the ThMA dimer27). the Xba and EcaRl sites. All mutations were confirmed by

In this study, we investigated the role of Glu332 of ThMA  dideoxy chain termination sequencir&p) using an ABI377

in the transglycosylation activity. This report provides
evidence, for the first time, that Glu332 of MAases is
involved in thea-(1,3)-, a-(1,4)-, anda-(1,6)-linked trans-

glycosylation. On the basis of these experimental results and

the three-dimensional structure of ThMA&7), we propose
a mechanism for transglycosylation reactions of MAases and
related enzymes.

MATERIALS AND METHODS

Chemicals and Enzyme#\carbose Q-4,6-dideoxy-4-
{[4,5,6-trihydroxy-3-(hydroxymethyl)-2-cyclohexen-1-yl]-
aming -a-p-glucopyranosyl-(1,402-a-p-glucopyranosyl-
(1,4)b-glucose) was obtained from Bayer (Leverkusen,
Germany). Methyla-b-glucopyranosided-MG) was pur-
chased from Sigma Chemical Co. (St. Louis, MO), and other
chemicals were purchased from Merck (Darmstadt, Ger-
many) and Showa Chemicals, Inc. (Tokyo, Japan). Restric-
tion enzymes and modifying enzymes was obtained from
Boehringer Mannheim and New England Biolabs, Inc.

Bacterial Strain and Plasmid. Escherichia c®liC1061
[F~, araD139, recAl3, A(araABC-ley7696, galu, galK,
AlacX74, rpsL, thi, hsdR2, mcrB] was used as a host for
DNA manipulation and transformatiok. coli transformants
were grown in LB medium (1% bactotryptone, 0.5% yeast
extract, and 0.5% NaCl) containing ampicillin (186/mL)

PRISM DNA sequencer (Perkin-Elmer). Other genetic
manipulation was carried out using the methods described
by Sambrook et al.2g).

Purification and Assay of ThMA and Its MutantsSor
efficient purification using an NtNTA column (Qiagen),
six-His-tagged mutants or wild-type ThMA was used as
described previously3j. The purity of the enzymes was
confirmed by SDSPAGE analysis, and all the six-His-
tagged ThMA mutants were purified to apparent homogene-
ity by the same procedure. The enzyme activity was assayed
at 60°C in 50 mM sodium acetate buffer (pH 6.0) using
3,5-dinitrosalicylic acid (DNS) according to MilleB() for
p-CD, starch, and pullulan hydrolyzing activity and the
glucose oxidase-peroxidase meth@®)(for acarbose hy-
drolyzing activity. The unit of hydrolyzing activity fqs-CD
(CU), pullulan (PU), starch (SU), and acarbose (AU) was
defined as described previousB).(The protein concentration
was measured by the Bradford meth@8)(using bovine
serum albumin as a standard.

Measurement of Kinetic Parameters for Acarbose Hy-
drolysis.Hydrolysis of acarbose was carried out in 50 mM
sodium acetate buffer (pH 6.0) at 8C, and the reaction
was stopped by boiling for 5 min. Glucose released from
acarbose was assessed using the glucose oxidase-peroxidase
method 82). The initial velocities were obtained directly
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FiGURe 2: Action modes of ThMA in the hydrolysis and transglycosylation of acarbose with wateiM® as an acceptor. Acarbose is
hydrolyzed to PTS and glucose with water as an acceptor, which turned into acarbose transfer prodectd@itRrom the equations,
ki, corresponds to the rate constant for acarbose (Acb) hydrokgdisat for a-(1,4)-transfer product formatioig that for a-(1,3)-transfer
product formationk, that for a-(1,6)-transfer product formatiots that for a-(1,4)-transfer product hydrolysiggs that for a-(1,3)-transfer
product hydrolysis, an#; that for a-(1,6)-transfer product hydrolysis.

from the time course plots of the reaction. The andK, reactions) and the degradation of each transfer product
were calculated from the LineweaveBurk plot. (hydrolysis reactions). The rate constants for transglycosyl-
Analysis of Transglycosylation ProducEhMA (10 CU/ ation reactions were obtained under the assumption of a zero-
mg of acarbose) was added to the reaction buffer [50 mM order reaction since the concentration of acarbose was
sodium acetate buffer (pH 6.0)] containing 77.4 mM (5%) excessively high. To obtain the reaction rate constants for
acarbose (donor) and 514.9 mM (10¥)MG (acceptor), hydrolysis reactions, three kinds of transfer products with
and incubated at 68C for 48 h. The transfer products were 0-(1,3)-,0-(1,4)-, oro-(1,6)-linkages were purified from the
analyzed by high-performance anion exchange chromatog-reaction mixture and used for determining the reaction rate
raphy (HPAEC) as described previousB).( constants for WT and mutated enzymes. Under the assump-
Formation and Isolation of Acarbose Transfer Products. tion of zero-order kinetics with excess substrate concentra-
ThMA (10 CU/mg of acarbose) was incubated with the tion, the initial reaction rate constants obtained for different
reaction mixture that consisted of 77.4 mM acarbose and reaction times were evaluated by linear regression. For the
514.9 mMa-MG in 5 mL of 50 mM sodium acetate buffer ~hydrolysis rate of each transfer product, ThMA and its
(pH 6.0) at 60°C for the appropriate period of time. The Mutants were added to the reaction buffer [5S0 mM sodiu-
reaction mixture was loaded onto a Bio-Gel P-2 (Bio-Rad) macetate buffer (pH 6.0)] containing each acarbose transfer
column (2 cmx 90 cm, Pharmacia Biotech) to remove Product (22.7 mM) and incubated at 6. For the
glucose, PTS, and acceptors. The column was equilibratedtransglycosylation rate of each transfer product, ThMA and
with 50 mM NaCl and eluted with the same solution. After its mutants were added to the same reaction buffer containing
the fractions containing transfer products were desalted using’7-4 MM acarbose and 514.9 md4MG and incubated at
the same gel column equilibrated with deionized water, 60°C. Each reaction aliquot taken at different reaction times
desalted solutions were freeze-dried and resuspended iwas boiled for 5 min and analyzed by HPAEC, and the
deionized and distilled water. The final mixture of transfer reaction rate constants for hydrolysis and transglycosylation
products was loaded onto a Whatman K6F TLC plate, which reactions were determined by the assumption of a zero-order
was irrigated with two gradients of isopropyl alcohol, ethyl reaction. Catalytic reactions of ThMA are illustrated and
acetate, and water (3:1:1, v/v/v) at room temperature. After specified in Figure 2.
the second gradient had been applied, the spots representing Modeling of Acarbose Binding to ThMA Structurecar-
each transfer product on the TLC plate were cut out and the bose and-MG molecules were modeled into the active site
moisturized silica powder was scratched off from the plate cleft of ThMA using the solid docking module in QUANTA
and collected into a tube. Each sample was extracted with(Molecular Simulations, Inc., San Diego, CA). The position
water shaking at room temperature for 2 h. The extract was Of acarbose in the active site groove was determined on the
centrifuged at 150afor 15 min, and the supernatant was basis of the-CD—ThMA complex model established
filtered through a 0.2zm membrane filter (Micro Filtration ~ Previously €7).
System). Each product was freeze-dried and used to deter-
mine the hydrolyzing rate of each transfer product. RESULTS
Reaction Rate Constants for Hydrolysis and Transglyco-  Construction and Expression of Mutant EnzyrmfesXbd
sylation ReactionsTo understand the reaction mode of WT enzyme site was introduced to BIThMA containing the
and mutated ThMAs precisely, the formation and degradation ThMA gene tagged with six histidines at the amino terminus
rate of each transfer product were determined. The whole (3) via site-directed mutagenesis, and the resulting plasmid
reaction was divided into two stages, including the formation was designated as pTMX. As shown in Figure 3, the
of the transfer products from acarbose (transglycosylation complementary oligonucleotide primers containing specific
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/O/ Primer 1
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Mot Glu(His His His His His His|Met
ATG GAA CAC CAT CAC CAT CAC CAT ATG

A)

T
TAC CTT GTG GTA GTG GTA GTG GTA TAC

cc
GG

Primer 2
pGXHTMX Annealing

BamHl Kinasing

Xbal*
jp— e—
EcoRlI
Xbal + EcoRl | Ligation / Transformation |
Selection of Mutants
B)
Xbal* EcoRlI

GAC GGC TGG CGT|CTA GAT GTG GCG AACATC GAT CAT CAA TTT TGG CGC G@ TTC CGG CAG

CTG CCG ACC GCA GAT (TA CAC CGC TTG [shw§ TAG CTA GTA GTT AAR ACC GCG CTT GCC GTC

Asp Gly Trp Arg LeuAsp Val Ala Asn[difliTle Asp His G1n Phe Trp Arg Glu Phe Arg Gln

323 330 332 340 343
Ficure 3: Construction and expression of the wild-type and mutant
ThMA by cassette mutagenesis. Expression vecterHi§119 was
used for the production of six-His-tagged ThMA)( The Xba
restriction enzyme site labeled with an asterisk was generated via
site-directed mutagenesis.

Kim et al.

Table 1: Specific and Relative Activities of Wild-Type and Mutant
ThMAs on Various Substrates

specific activity (units/mg)

p-CD soluble starch  pullulan acarbose
ThMA (Cup (Suy (PUR (AU)b
WT 2035.71 71.88 125.60 6.75
(100.0%) (100.0%) (100.0%) (100.0%)
E332D 534.31 7.23 10.73 5.08
(26.2%) (10.1%) (8.5%) (75.3%)
E332Q 92.90 1.61 1.61 3.83
(4.6%) (2.2%) (1.3%) (56.7%)
E332H 41.02 1.32 0.43 2.02
(2.0%) (1.8%) (0.3%) (29.9%)

aUnits for hydrolysis of 3-CD (CU), soluble starch (SU), and
pullulan (PU) were measured by the DNS methad)(° Acarbose
hydrolyzing unit (AU) was measured by using the glucose oxidase-
peroxidase method3p).

His-tagged ThMA was identical to that of native ThMA (data
not shown), indicating that the enzyme activity was not
affected by the six extra histidine residues. Therefore, six-
His-tagged WT and mutant enzymes were used throughout
this study.
Hydrolysis Actiity of the Mutant Enzymeddydrolysis

activities of WT and the three mutant ThMAs were deter-
mined using starch3-CD, pullulan, and acarbose as sub-

mutations were annealed and inserted into the cassettestrates. The hydrolysis activities of E332H and E332Q mutant

sequence of peHTMX between theXbd and EcaRl sites.

All mutations (E332H, E332D, and E332Q) were confirmed
by DNA sequencing. From the resulting plasmids, six-
histidine (six-His)-tagged WT and mutant ThMAs were
successfully expressed B. coli, and each enzyme was
purified by using an Ni-NTA (nickel—nitrilotriacetic acid)
column @4). The specific hydrolysis activity of purified six-

A B

enzymes orp-CD, starch, and pullulan were significantly
decreased compared with that of the WT enzyme. However,
mutant ThMAs retained about 305% of the acarbose-
hydrolyzing activity of WT ThMA (Table 1). Hydrolysis
products from3-CD, soluble starch, pullulan, and acarbose
were analyzed by TLC and HPAEC, but there was no
significant difference between WT and mutant enzymes (data

c
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Ficure 4: Analysis of acarbose transfer products by HPAEC. ThM

Transglycosylation reaction mixtures with WT and mutant ThMA were analyzed by HPAEC after 48 h. The standard corresponded to the

reaction mixture with the WT enzyme analyzed after 6 h. The resu
respectively.

15 20
Retention Time (min)

A transferred PTS resulting from the hydrolysis of acacbb8.to

Iting transfer products were desigoat@Bae-(1,4), anda-(1,6),
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Table 2: Kinetic Parameters of Acarbose Hydrolysis by WT and 80
Mutant ThMA® s ) THMAIWT] )
£
ThMA Km (MM) Keat (57Y) KealKm (MM 1571 g 25 0-(1.6)
WT 0.426+ 0.013 67.83t 0.57 159.23 -§
E332D  0.545+0.013  45.11-0.29 82.77 a
E332Q 1.00t 0.06 41.35+ 0.74 41.35 5
E332H 1.08+ 0.06 18.68+ 0.30 17.30 g
@
o

a Acarbose hydrolyzing activities were measured by the glucose
oxidase-peroxidase metho82j.

not shown). This result implied that the substitution of a ThMA[E332D]
histidine for the glutamate residue at position 332 affected
the hydrolysis activity and substrate specificities of ThMA.
Kinetic parameters of acarbose hydrolyis,andk.,, were

also determined by measuring the amount of glucose
produced from acarbose (Table 2). The mutant enzymes
exhibited a relatively lower affinity on binding of acarbose 5
molecule than that of WT ThMA and the reduced hydrolysis 80 T
activity of them. The result suggested that Glu332 affects } ThMA[E332Q] }
acarbose binding of ThMA.

Transglycosylation Actity of the Mutant Enzyme3rans-
glycosylation reactions of WT, E332H, E332Q, and E332D
ThMA were investigated using-MG as an acceptor and
acarbose as a donor. As shown in Figure 4, transfer products
were detected in WT ThMA by HPAEC analysis after
reaction for 48 h. On the contrary, there were dramatic
decreases in the amounts of both transfer products using
E332H and E332Q. HPAEC analysis revealed that not only
was the amount of thex-(1,6)-linked transfer product
diminished but also the-(1,3)- anda-(1,4)-linked transfer
products disappeared in E332H (Figure 4E). This result
suggested that Glu332 was critical to the transglycosylation
activity of ThMA and replacing Glu332 with histidine, which
is a conserved amino acid inramylases, resulted in smaller
amounts of transfer products linked loy(1,3)-, a-(1,4)-,
ando-(1,6)-glycosidic linkages compared with WT ThMA. o
Although less product was detected, E332D ThMA produced Reaction Time (hours)

L9, el and a0y lnked ansier products ey e o T Wi a5

H H reac . 0
equivalent tq V.VT ThMA (Figure 4C).‘ However, the E3.32.Q acarbose (w/v) and 10%-MG (w/v) at 60°C for 48 h. The graph
enzyme exhibited a trans_glycosylatlon pattern very _S|m|Iar shows the hydrolysis of acarbos)(and the formation ofi-(1,6)-
to that of E332H ThMA (Figure 4D). These results indicated |inked products¥), a-(1,4)-linked products®), anda-(1,3)-linked
that replacing an acidic amino acid with an uncharged or products [J).
positively charged amino acid (glutamine or histidine) at
position 332 of ThMA results in a harmful effect on the the assumption of zero-order kinetics with an excess substrate
transglycosylation activity. concentration (Table 3). The rate constants for the formation

Role of Glu332 in Hydrolysis and Transglycosylatidio of transglycosylation products decreased in E332H and
investigate the mode of the transglycosylation reaction of E332Q ThMAs compared to those of WT and E332D
WT and mutant ThMAs in detail, the amounts of transfer ThMAS, as expected. In fact, rate constants for the formation
products in the reaction mixture were monitored for 48 h of a-(1,6)-, o-(1,4)-, anda-(1,3)-linked transglycosylation
using HPAEC analysis (Figure 5). In the case of WT and products of E332H ThMA were reduced to 18, 17, and 15%
E332D ThMAs, thex-(1,4)-linked transglycosylation product  of that of WT ThMA, respectively. The influence of mutation
was predominant at the beginning of the reaction. However, on the rate constants for the degradation of the transfer
the resulting product was rapidly hydrolyzed for the rest of products was also significant. The rate constants for the
the reaction. On the other hand, the amount.fL,3)- and degradation ofi-(1,6)- ando-(1,3)-linked transfer products
o-(1,6)-linked transglycosylation products was increased were enhanced by 1.8- and 4.1-fold, respectively, as com-
during the firg 5 h of thereaction, and steadily maintained pared with those of WT ThMA. In particular, white-(1,6)-
during the rest of the reaction. Although the tendencies of linked products formed via the transglycosylation reaction
the transglycosylation and hydrolysis of E332H and E332Q of the WT enzyme remained stable throughout the 48 h
were similar to those of WT and E332D enzymes, the extent reaction, the same products produced by E332H ThMA were
of further hydrolysis of each transfer product was increased degraded slowly during the same period (Figure 5). As shown
remarkably. Rate constants for the formation and degradationin Table 3, the ratios of hydrolysis to transglycosylation ([H]/
of each transglycosylation product were determined under[T]) represented total accumulation of each transfer product

a-(1,6)

Reaction Products (mM)

a~(1,3)
o-(1,4)

Reaction Products (mM)

Reaction Products (mM)

0 - e ———
0 5 10 15 20 25 35 30 40 4548
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Table 3: Reaction Rate Constants of Acarbose Hydrolysis and Transglycosylation by WT and Mutant ThMA

reaction rate constants (42 [HJ/[T] ratio
hydrolysis [H] transglycosylation [T] a-(1,4) a-(1,3) a-(1,6)
ThMA ki ks ks ky ka ks ks kelke  kelks  kilke

WT 67.83+£0.57 37.2£26 2.25+0.31 0.4214+0.032 12.H2.2 1.20+0.10 2.12+0.35 2.88 1.88 0.199
E332D 45.110.29 549+ 3.7 2.22+0.14 0.432£0.051 9.3 0.75 0.435:0.051 0.843f£ 0.065 5.85 510 0.512
E332Q 41.35:0.74 37.6+3.1 8.64+0.42 0.738:£0.084 2.44+0.18 0.181+0.011 0.38A40.033 154 a47.7 191
E332H 18.68:£0.30 31.8£2.4 9.22+0.29 0.778:0.056 2.18:-0.20 0.179+0.015 0.3810.028 14.6 51.5 2.04

@ Reaction rate constants were expressekh§is].

Acarbose Acarbose

»E332
/ hY

Ficure 6: Stereoview of the ThMA active site with hypothetical binding modes of acarbose amdvi® (in pink) as a substrate and an
acceptor, respectively, in extra sugar-binding space. The residues constituting the active site (Asp328, Glu357, and Asp424) and Glu332,
which was identified as important for transglycosylation in this study, are labeled in white and yellow, respectively. Residues from the
N-domain of the opposite monomer are colored in violet. All oxygen atoms are in red.

by WT and mutant enzymes. As expected from lower [H]/[T] and BSMA (data not shown). From the results, the observa-
valueso-(1,6)-linked product accumulated to a greater extent tion that the conserved Glu332 in MAases modulates the

than a-(1,4)- or a-(1,3)-linked products in the reaction catalytic specificity between the hydrolysis and transglyco-
mixture. These results indicated that accumulation of transfer sylation activities is generally applicable to most MAases
products depended on the relative reaction rate between theand various acceptors.

transglycosylation and the hydrolysis. According to the Proposed Structure of the ThMAAcarbose Complex with
results, the hydrolysis of the transfer products was presumedy-\G. Kim et al. (27) reported that there is an extra sugar-
to be dependent on the molecular structure of the linkagespinging space at the bottom of the catalytic site in ThMA,
formed in the transfer products. In addition, the lower [H]/[T_] not found in other typicat-amylases which can be occupied
values in WT and Glu332Asp compared to those in py an acceptor molecule. To determine the role of Glu332
Glu332His and Glu332GlIn indicated that the acidic amino j, transglycosylation, acarbose aneMG molecules were
acid at position 332 preferred transglycosylation to the gocked computationally into the active site cleft of ThMA
hydrolysis reaction. The acidic amino acid residue at position using the solid docking module in QUANTA (Molecular
332 in ThMA is involved not only in the formation of  gimuylations, Inc.). The favorable docking did not require a
0-(1,3)-, a~(1,4)-, ando-(1,6)-transfer products but also in - yegrientation of amino acid side chains and a change in
the further hydrolysis of each product, especiatly(1,6)- torsion angles of glycosidic bonds in acarbose. The cleft is
anda-(1,3)-transfer products. Therefore, the replacement of well-occupied by an acarbose molecule, and many residues
glutamate with another amino acid (glutamine or histidine) fom both the Blo)s-barrel and N-terminal domains of
shifted the reaction in favor of hydrolysis of transfer products gimeric model are involved in favorable interactions with
over the accumulation of them. Considering theimylases  the acarbose as shown in a closeup view of the docking
containing histidine at position 332 catalyzed mainly the model (Figure 6). From the model, GIu332 in the extra space
hydrolysis ofa-(1,4)-glycosidic linkage, it is interesting that s |ocated within hydrogen bonding distance of theVG

the change of glutamate at 332 position to histidine signifi- molecule. An acceptor molecule suche#!G occupies the
cantly increased the rate constants for the hydrolysis of space to compete with a water molecule for attacking the

trans_glycosylatio_n products. _ o enzyme-PTS intermediate.
Critical reduction of the transglycosylation activities of

E332H ThMA was observed also when other carbohydrate pjscuUsSION

derivatives such as glucose, maltose, and cellobiose were

used as acceptors (data not shown). Transglycosylation Although MAases are classified as members of the
products accumulated to a lower extent, when the E332H a-amylase family (glycoside hydrolase family 135, 36),
mutation was introduced into other MAases such as BLMA they exhibit multisubstrate specificities and catalytic versatil-
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ity, especially, transglycosylation activity. To investigate the ana-(1,3)-,a-(1,4)-, ora-(1,6)-linkage between-MG and
role of Glu332 in the transglycosylation activity of ThMA, PTS.
the acarbose transfer reaction with @MG acceptor was Betweena-MG and PTS, the molecular docking was
used as a model system. While the activities of typical carried out without changing the positions of protein atoms.
o-amylases are strongly inhibited by acarbose, MAases notln a real situation, a minor conformational change of protein
only hydrolyze acarbose but also transfer the resulting PTSside chains may allow binding of an acceptor molecule in
to acceptor moleculest--MG used as the acceptor in this several different modes that would result in transglycosyla-
study possesses several advantages over other acceptors. (tipn at three different carbon positions.
The acarbose transfer reaction occurrs efficiently enough to In this study, substitutions of Glu332 in ThMA with
yield various transfer products. (2) The resulting transfer histidine or glutamine resulted in a substantial decrease in
products are easily separated and monitored by TLC andthe extent of formation of transfer products with increased
HPAEC analyses. (3) As the structure @MG is similar hydrolysis activities. The differences of transglycosylation
to that of glucose, all transfer reactions occur with glucose activities in mutants are probably due to the difference in
and o-MG. the interaction of charged and neutral amino acid residues
at position 332 with the acceptor molecules. With respect to
daccumulation of transfer products, ThMA was changed to
an a-amylase type enzyme by modulating Glu332. In
conclusion, these results imply that the acidic side chain of
glutamate at position 332 of ThMA is important in the

; formation and accumulation of transglycosylation products.
-amylase complexed with acarbose by X-ray crystal- . . X X ;
geamy P y y oy The results obtained in this study will be helpful in

lography. The tetrasaccharide inhibitor was present, however, s . .
as a hexasaccharide in the complex. The extended oligosac'-alycIdatlng the mechanism of hydrolysis and trgnsglycosylj
charide probably resulted from a simple transglycosylation ation O.f MAases.and related enzymes and may improve their
reaction. Also, the crystal of porcine pancreatiamylase catalytic properties.
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