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ABSTRACT. Maltohexaose-producing amylase, called G6-amylase (EC 3.2.1.98), from alkal®atuiiluis

sp.707 predominantly produces maltohexaose (G6) from starch and reldiddglucans. To elucidate

the reaction mechanism of G6-amylase, the enzyme activities were evaluated and crystal structures were
determined for the native enzyme and its complex with pseudo-maltononaose at 2.1 and 1.9 A resolutions,
respectively. The optimal condition for starch-degrading reaction activity was found°&t 4bd pH 8.8,

and the enzyme produced G6 in a yield of more than 30% of the total products from short-chain amylose
(DP = 17). The crystal structures revealed that Asp236 is a nucleophilic catalyst and Glu266 is a proton
donor/acceptor. Pseudo-maltononaose occupies sub$ites+3 and induces the conformational change

of Glu266 and Asp333 to form a salt linkage with the N-glycosidic amino group and a hydrogen bond
with secondary hydroxyl groups of the cyclitol residue bound to subsiterespectively. The indole
moiety of Trp140 is stacked on the cyclitol and 4-amino-6-deoxyglucose residues located at subsites
and—5 within a 4 Adistance. Such a face-to-face short contact may regulate the disposition of the glucosyl
residue at subsite-6 and would govern the product specificity for G6 production.

Some bacteriak-amylases dominantly produce maltotet- the glucosyl residue with several hydrogen bonds at subsite
raose (G4}, maltopentaose (G5), or maltohexaose (G6) from —1 (2). Furthermore, the glucosyl residue is strongly bound
starch and related.-1,4-glucans, while mosti-amylases to subsite—4 by hydrogen bonds with Asp160, whereas there
further convert them to glucose and/or maltose as final pro- are a few contacts between the glucosyl residues and subsites
ducts. Since such maltooligosaccharides are useful for their—3 and—2 (2). The structure of the sugar binding of G4-
low sweetness, low viscosity, high moisturizing effect, and amylase suggested that a dominant production of a particular
high efficiency for digestion and absorption, they have been oligosaccharide requires regulated and strong interaction
important enzymes in the food and pharmaceutical industries.between the subsite and the glucosyl residue of the nonre-

The reaction mechanism of the enzymes producing ducing end of the produced oligosaccharide.
particular oligosaccharides is distinct from that of the usual G6-amylase (maltohexaose-producing amylase, E.C.
o-amylases. Their important properties are presumed to have3.2.1.98) from alkalophilidacillus sp.707, which belongs
four, five, or six subsites from the active center to produce to glycoside hydrolase family 13), has been cloned, and
the particular oligosaccharides and to prevent them from its DNA sequence was determined in 198§. (ts amino
further degradation. G4-amlyase (maltotetraose-forrexw acid sequence is 65.5%, 65.9%, and 66.3% identical to those
amylase) fromPseudomonas stutzetbnverts short-chain  of liquefying o-amylases fronBacillus amyloliquefaciens
amylose (DP= 23) to G4 in a yield of about 75% (w/w) of  (BAA), Bacillus licheniformis(BLA), and Bacillus stearo-
the total products and cleaves oligosaccharidesG% to thermophilus(BSTA), but is little homologous to bacterial
G4 and G+G3 (1). The crystal structure of mutant G4- saccharifyingo-amylases and G4-amylasé).( Therefore,
amylase complexed with maltotetraose has shown that G4-G6-amylase is presumed to have a structural property
amylase has four subsites at the nonreducing side and bindslifferent from that of G4-amylase. Many plantamylases

are also known to temporarily produce maltohexaose from
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) 0 according to SDSPAGE. The protein concentration was
determined using the BCA protein assay reagent (Pierce) with
bovine serum albumin as the standard.

% Enzyme AssayStarch-degrading activities were routinely
% measured at 37C in the analysis of pH optima, stability,

modification (1) using a 0.9 mL reaction mixture that
contained 0.6 mL of 0.5% (w/v) soluble starch and 0.3 mL

/% and thermostability by the blue value method with slight

Acarviosine (Acv)

Acarbose of enzyme solution (156270 ng/mL) finally containing 10
ug/mL bovine serum albumin suitably diluted with Milli-Q
® p water, Brittor-Robinson pH buffer11), or 12 mM sodium
°ﬁ . . chloride-50 mM sodium borate buffer (pH 8.8). After
% preincubation for 5 min and incubation for 5, 10, and 15

° Oﬁ % o min, the reaction was halted and the starch was colored by

o o adding stop solution (0.17 mM,11.7 mM KI, and 1.7 mM
o) $ HCI). One unit of starch-degrading activity was defined as

g p the amount that generated a 1% decrease in absorbance at
?@g o o 660 nm/min. The pH optima were determined by diluting
o % enzyme solution with each BritterRobinson pH buffer as

described previouslyl(l). The pH stability was examined
P by maintaining the various pH values of each enzyme
seudo-maltononaose solution for 30 min at 37C before adjustment to pH 8.8
FIGURe 1: Structu - . . . . )
observed in the crr?/gtfat?g?rrl?(?tz?e(p\o)f?r?g g%?g?noylggét%%%]&%i? ®)with 12.5 mM sodium chioride50 mM sodium borate
buffer. In the assay of thermostability, an enzyme solution
MATERIALS AND METHODS suitably diluted by the sodium borate buffer (pH 8.8) was
Chemicals Kanamycin was purchased from Wako Pure left for 30 min at various temperatures and preincubated at
Chemical Industry Ltd. Soluble starch was from E. Merck. 37 °C after being cooled in icewater for 5 min. In the assay
Short-chain amylose EX-I (DR= 17), which contains no  of optimal temperature, each enzyme solution diluted by the
oligosaccharides (G1G8), was from Hayashibara Biochemi- sodium borate buffer (pH 8.8) was preincubated at various
cal Laboratories, Inc. Oligosaccharides-837 were from temperatures and the activity at various temperatures was
Seikagaku Co. Acarbose was a gift from Drs. A. Mullen and measured as described above.
K. Hornberg (Bayer AG). All other chemicals were of Analysis of Reaction ProductReaction proceeded at 40

reagent grade. °C in a 1.2 mL reaction mixture that contained 0.8 mL of
Bacterial Strains and Plasmid&6-amylase was produced 1.0% (w/v) amylose EX-I (DP= 17) solution and 0.4 mL
by the transformant dBacillus subtilis207-25 [mes~ hsrM of an enzyme solution (final 1 or 40 U/mg of amylose) dilu-

recE4 amyEQ7 arol906 leuA8 lysJA1L0). Plasmid pTUB812  ted with sodium borate buffer (pH 8.8). After sampling of a
encodes the G6-amylase gene region of alkalopB#icillus 0.1 mL reaction mixture, the enzyme reaction at various
sp. 707 and has the kanamycin-resistance get@s ( reaction times was stopped by boiling for 10 min. The pro-
Expression and Purification of G6-Amylage6-amylase ducts were quantified using HPLC. After desalting of the
from alkalophilicBacillus sp. 707 was expressed by tBe samples and filtration through a 0.22n pore membrane,
subtilis 207-25 transformant containing the plasmid pTUB812 the reaction products were eluted from a LiChrosorb,NH
as described previously Q). The cells were incubated in 6  column (25x 0.4 cm column size, Cica-Merck) equilibrated
L of Luria—Bertani medium containing kanamycin (1@/ with 68% (v/v) acetonitrile at a flow rate of 0.8 mL/min
mL) and 0.2% (w/v) glucose for 3 days at 3C. After 28% and detected using the differential refractometer detector RI-
saturated ammonium sulfate precipitation of the incubation 71 (Shodex). The products GG7 were quantified by com-
medium, the supernatant was loaded onto a TOYOPEARL parison with each linear calibration GG7 curve of stan-
HW55-F (2.5x 20 cm column size, Tosoh) equilibrated with  dard.
28% saturated ammonium sulfat®0 mM sodium phosphate Reaction Pattern Using G5, G6, and GAIl reactions
buffer (pH 6.0). The resin was washed, and then the targetproceeded at 48C in reaction mixtures of 60L containing
proteins were eluted with a 28% to 0% reverse gradient of 20 mM G5, G6, or G7 and 24QL of the enzyme (final
ammonium sulfate. After 75% saturated ammonium sulfate concentration 8 U/mol of substrate) in the sodium borate
precipitation, the protein was desalted over a Bio-Gel P6- buffer (pH 8.8). After incubation for 10, 20, and 30 min,
DG column (2.5x 50 cm column size, BioRad) equilibrated the reactions were stopped by boiling for 10 min. The
with Milli-Q water and concentrated to 7.0 mg/mL by using reaction products were analyzed by using TLC. The loaded
an Amicon concentration kit for crystal preparation. In samples were developed in a solution of 2-propanol/ethyl
addition, for use in biochemical experiments, the protein was acetate/water (3:1:1, v/v/v) for 1 h by TLC plates (silica gel
loaded onto DEAE-Sepharose (1x62.5 cm column size, 60 Fs4 5 x 7.5 cm plates (Merck)) and dried. After this
Pharmacia) equilibrated with 10 mM Tr¢iCl buffer procedure was repeated three times, all carbohydrates were
(pH7.5) and eluted with a linear-®600 mM gradient of visualized by spraying the plates with 20% (v/v) sulfuric acid
sodium chloride. The protein was desalted by a HiTrap in ethanol and baking at 12TC.
desalting column (Pharmacia) equilibrated with Milli-Q water Crystallization of Natie G6-Amylase and Its Complex with
and concentrated to 0.48 mg/mL. The purity was over 99% Pseudo-Maltononaos&6-amylase was crystallized by the



Crystallographic Analysis of G6-Amylase

Table 1: Statistics of Diffraction Data and Structure Determination

native complex

Diffraction Data

space group orthorhombic orthorhombic

P212121 P212121
unit cell parameters 47.62, 82.80, 47.41, 82.49,
(o, B,y (A) 127.18 126.88
Vm 2.26 2.10
mosaicity 0.664 0.315
resolution range (last shell) (A) 56-@.04 50.0-1.94
(2.11-2.04) (2.01-1.94)
total no. of reflections 123734 271436
no. of unique reflections 32772 39906
completeness (last shell) (%) 99.6 (97.8) 98.8 (98.8)
Rmerge(last shell) (%) 9.1 (24.8) 5.1 (10.6)
redundancy 2.60 3.40
Structure Determination
resolution range (last shell) (A) 6-:@.1 6.0-1.9
(2.17-2.10) (1.98-1.94)
no. of reflections used20) 26098 36914
completeness (last shell) (%)  90.8 (79.5) 95.4 (83.3)
protein 5-485 5-485
(1—4 disordered) (1—4 disordered)
no. of water molecules 282 324
final Rvalue (last shell) (%) 16.6 (17.7) 17.2(18.4)
final Riee value (last shell) (%) 21.0 (23.2) 20.7 (24.5)
RMSD
bond length (A) 0.005 0.005
bond angle (deg) 1.28 1.24
dihedral angle (deg) 23.48 23.56
improper angle (deg) 0.688 0.732

hanging drop vapor diffusion method using a reservoir
solution containing 50% (v/v) 2-methylpentane-2,4-diol, 100
mM Tris—HCI (pH 8.5), and 200 mM ammonium phosphate.
A drop solution contained equal volumes of sample and
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resolution. Thg3F, — 2F and|F, — F¢| electron density
maps clearly showed pseudo-maltononaose located at sub-
sites—6 to +3. The sugar molecule was initially constructed
as ano-1,4-linked chain of nine 6-deoxy-glucoses, and
then the structure was corrected to Acv-Glc-Glc-Glc-Acv-
Glc-Glec (Acv = acarviosine, a disaccharide analogue unit
in pseudo-maltononaose; Gie glucose) (Figure 1) on the
electron density maps. The stereochemical qualities of the
structures were checked by the program PROCHETH. (
Statistics of the structure determination are summarized in
Table 1. Atomic coordinates have been deposited with the
Protein Data Bank (native structure, 1WP6; complex struc-
ture, IWPC).

Theoretical Calculation oApK, Values.The ApK, value
was calculated using the program DELPHB) for a finite
difference solution to the nonlinear PoissdBoltzmann
equation. The electrostatic potential was calculated with
formal charges, a grid size of 0:3 0.3 x 0.3 A3, an ionic
strength of 0.145 M, and interior and external dielectric
constants of 2.0 and 80.0, respectively. TkgK, value of
the target residue was calculated by the equation

DX

APKa= 3303

where ¢, is the electrostatic potential of the other atom
induced by the charge of the target residue apds the
formal charge 17).

RESULTS

reservoir solutions, and then calcium chloride and sodium  The culture medium after incubation for 3 days had a
chloride were added to a final 1 mM concentration in the starch-degrading activity of about 700 U/mL at pH 7.6, and
drop solution. Rodlike crystals of 0.8 0.1 x 0.05 mn? the purity of G6-amylase after TOYOPEARL HW-55F
were developed within 4 days at room temperature. Crystalschromatography treatment was about 95%. Moreover, the
of the complex with pseudo-maltononaose were obtained byfinal purity after DEAE-Sepharose chromatography treatment
soaking for 3 days in the crystallization solution containing was over 99%. Since the starch-degrading activity of the
10 mM acarbose (Figure 1) and 10 mM maltotriose. purified G6-amylase was 15000 U/mg at pH 7.6, the yield
Measurement of Diffraction Datal'he X-ray diffraction of G6-amylase byB. subtilis207-25 was estimated to be 46
data of the crystals of the native enzyme and its complex mg/L of culture medium.
with pseudo-maltononaose were collected to 1.94 A resolu- Enzyme Assay#nalysis of the pH optima for the starch-
tion at 100 K at the BL-6A and AR-NW12 stations of the degrading activity showed that the activity of G6-amylase
Photon Factory, respectively, and processed using thewas maximal (18800 U/mg) at pH 8.8 and retained a relative
program HKL2000 1{2). Sugar complex crystals were activity higher than 50% between pH 6.5 and pH 10.0 (Figure
isomorphous with the native crystal. Statistics of the data 2A). The pH stability was measured by the starch-degrading
collection are summarized in Table 1. activity at pH 8.8 after each enzyme was incubated at various
Structure Determination and RefinemeAl. the calcula- pH values for 30 min at 37C. The enzyme was more than
tions in the structure determination and refinement were 50% stable in the pH range from 4.7 to 10.8 (Figure 2B).
performed by using the program CN33f. The crystal The optimal temperature of G6-amylase was°@5at pH
structure of the native G6-amyalse at 2.1 A resolution was 8.8, and the enzymatic activity decreased to less than 20%
determined by molecular replacement using a set of coor- at temperatures above 70 (Figure 2C). The thermostability
dinates of a mutan-amylase fronB. licheniformis(PBD was measured as starch-degrading activity a3after each
code 10BO0) {4) as the starting model. The amino acid enzyme was incubated at various temperatures for 30 min.
sequence was manually corrected using the program TURBO-The enzyme retained a stability of more than 90% at@5s
FRODO on thg3F, — 2F| and|F, — F¢| electron density but the stability decreased to below 20% at temperatures over
maps, and three calcium, one sodium, phosphate, and Tris55 °C (Figure 2D). The amino acid sequence of G6-amylase
ions were located. Water molecules were picked up usingis about 65% identical to those of BLA and BSTA)(but

CNS (13), but those with & factor over 60 & were omitted
during the refinement.
The crystal structure of the G6-amylase complex with

its optimal temperature was lower than those of BLA and
BSTA (18, 19).
Product Ratios of Maltooligosaccharides from Short-Chain

pseudo-maltononaose was determined by molecular replaceAmylose.At a low concentration (1 U of enzyme/mg of

ment using the native structure and refined at 1.9 A

amylose) of G6-amylase (Figure 3A), the production rates
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Ficure 2: Characterization dBacillussp. 707 G6-amylase for starch-degrading activity. Effects of pH and temperature on its activity (A,

C) and stability (B, D). Assays of pH (A and B) were performed at@7 and temperature assays (C and D) were performed in 50 mM
sodium borate-12.5 mM sodium chloride buffer (pH 8.8).
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Ficure 3: Product ratio of short-chain amylose (BP17) and cleavage pattern profile of G5, G6, and G7. (A) The product ratio of short
amylose (DP= 17) was determined by HPLC analysis. The amount of the enzyme was 1 (right) and 40 (left) U of enzyme/mg of amylose.
(B) TLC analysis of the degradation pattern of G5, G6, and G7 after 30 min of incubation. (C) TLC analysis of the degradation pattern of
G7 after 10, 20, and 30 min of incubation. M1 and M2 are markers of G and G7, respectively.

(% (w/w) total sugar/min) of G3, G6, and G7 were 0.49 (50.2 production were about 25% (2.2 mM) throughout the entire
uM/min), 0.35 (18.1uM/min), and 0.37 (16.5«M/min), reaction period (Figure 3A), while G6 production initially
respectively, in 40 min. The amount of G3 in total sugar increased to 32.0% (1.4 mM) at 20 min but fell to 0% after
reached 2428% (w/w) (2.5-2.9 mM) in 90 min and was 24 h. In contrast, the production of G1, G2, and G5 increased
constant over the next 24 h. The production of G6 slowly to 13.0% (3.3 mM), 25.0% (3.3 mM), and 35.4% (1.9 mM)
increased to 31.4% (1.6 mM) in 240 min and then remained after 24 h. The production profiles of 1% (w/w) soluble starch
essentially constant over the next 24 h. The highest productas a substrate with different enzyme concentrations-@
ratio of G7 was 18.4%, which was obtained after 60 min, U/mg of substrate were analyzed by using TLC. The profiles
but this decreased to 0% after 24 h. With high concentrations of soluble starch with low and high enzyme concentrations
of G6-amylase (40 U/mg of amylose), the levels of G3 (1—4 and 206-60 U/mg of substrate) were similar to those
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Ficure 4: Crystal structures of G6-amylase from alkalophBiacillus sp. 707. (A) G6-amylase is composed of three domains, A (blue),

B (yellow), and C (green). Asp236 as a nucleophilic catalyst and Glu266 as a proton donor/acceptor are represented by balls and sticks.
Three calcium ions and one sodium ion are shown as cyan and purple spheres, respectively. (B) Crystal structure of the G6-amylase
complex with pseudo-maltononaose. Sugar molecules are represented by balls and sticks. (C) Structure of pseudo-maltononaose with an
omit |F, — F¢| electron density map at the bifevel. Torsion ¢, 1) angles of glycosidic bonds are given, and intramolecular hydrogen

bonds are represented by broken lines.

of short-chain amylose (DB 17) with enzyme concentra- cleaved to G5 and G2 or G6 and G1, as shown by the

tions of 1 and 40 U/mg of amylose, respectively (data not relatively dense spots for these products.

shown). Crystal Structure of Natie G6-Amylase at 2.1 A Resolu-
Reaction Products of G5, G6, and Glthe TLC analysis  tion. G6-Amylase consists of three domains, A, B, and C

of the products for 4 mM G5 and G6 as substrates in the (Figure 4A). Domain A (5105, 208-396) forms a f/a)s

presence of G6-amylase (8ol of substrate) showed that barrel like the other enzymes of the-amylase family.

G6-amylase is inactive toward G5 and is slightly converted Domain B (106-207) is composed of si¥-strands and

to G5 (Figure 3B). In contrast, the enzyme produced all of loops, and two long-strands form a wound-sheet fold. A

G1-G6 from G7 (Figure 3C) although G7 was mostly cis-peptide bond is observed between Trp189 and Glul190.
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Domain C (397485) consists of eight-strands and some T p1e 2 List of Short Contacts=@.3 A Distance) of

loops as observed in the otheramylasesZ, 20, 21). Pseudo-Maltononaose to G6-Amylase
The bapkbone structure of G6-amylse is S|m|Ia'r to those distance distance
Of ||quefy|ng (l-amy|ases BLA 21) and BSTA 22) W|th an Sugar protein (A) Sugar protein (A)
average difference in their equn/_alentx@)osmon of less ~ Z6 02 AlallIN 33 1 C1 Asp23601 3.1
than 1.0 A. The relatively large difference was observed in Ala1110 28 02 Arg234NH2 3.0
regions 172177, 181-185, 311316, and 373-380. Except 03 Lys72N; 2.9 His332N2 2.8
for region 311316, these regions involve a deletion or —5 02 Wat734 2.9 Asp3332 2.3
. : : ; : ; Wat735 2.6 Wat708 3.3
insertion of some amino acid residues. G6-Amylase like BLA 03 Gly110N 39 03 His33200 31
(21) and BSTA @2) contains the Cd—Na"—Ca&" metal Alal11N 31 Asp33301 27
ion triad at the interface between domain A and domain B. N4 Wat733 3.1 Asp3332 3.3
The side chains of six aspartic acids (Asp163, Asp188, =4 02 Aspl66G2 2.5 06 Asp23602 2.7
Asp199, Asp205, Asp207, and Asp209), one asparagine ., TAyr203N 31 C7 Asp23col 3.1
spl66@1 2.6 +1 02 His240N2 2.6
(Asn106), three bac_kbone carbonyl groups, _and two water Tyr203N 33 03 Glu266al 31
molecules are coordinated to the three metal ions. Compared Wat734 2.9 Glu266e2 2.7
with the other enzymes of the-amylase family (glycoside  —3 02 Wat858 31 N4 Glu266Q 2.8
hydrolase family 133)), bacterial saccharifying-amylase WatB62 2.7 Asp333e 3.1
. 03 Wat858 3.1 05 Wat906 2.7
(23), barleyo.—amy|ase 8)1 G4'amy|ase.2), and maltogenlc -2 02 Asp33301 3.2 +2 02 Glul94@2 26
amylase 24), the structures of domains A and C of G6- Wat707 2.6 Lys239K 2.9
amylase are similar to their corresponding domains but that 03 Wat862 2.6 03 Tyrl980H 3.2
of domain B considerably differs. 06 Wat704 2.6 Lys230K 2.6
. . Wat705 2.9 06 Wat906 3.0
A structural comparison with the other enzymes of the Watos6 27
a-amylase family indicates that Asp236 is a nucleophilic +3 01 Wat966 3.2
catalyst and Glu266 is a proton donor/acceptor catalyst. The Wat979 25
conformations of amino acid residues Tyr58, Aspl02, 02 Asn270N 2.8

Lys239, His240, His332, and Asp333 around the catalytic
residues conserved in manyamylases are similar to those complexes reported previouslg24, 26—28). Moreover, the
observed in otheo-amylases?, 8, 20—25). aromatic ring of Tyr58 is parallel to the pyranose ring of
Crystal Structure of G6-Amylase Complexed with Pseudo- the cyclitol residue at subsite1 within a 4 A distance
MaltononaoseThe pseudo-maltononaose molecule is bound (Figure 5A), indicating the hydrophobic stack as observed
at subsites—6 to +3 of G6-amylase like an enzyme in manyo-amylase-carbohydrate complexeg, 23, 24, 26—
substrate complex (Figure 4B). The structure of pseudo- 28).
maltononaose, Acv-Glc-Glc-Glc-Acv-Gle-Gle (Figure 4C), The glucosyl residues at subsite® and—2 form only
suggests that it is derived from acarboses and maltotriosesone hydrogen bond with Asp333 but several hydrogen bonds
by intermolecular transglycosylation and hydrolysis. In many with water molecules (Table 2). The carboxyl group of
crystals ofo-amylase complexes with acarbose as reported Asp166 forms strong hydrogen bonds with the O2H and O3H
previously, acarbose molecules are converted to an oligosachydroxyl groups of the glucosyl residue at subsité with
charide that inhibits the enzyme activity more effectively 2.5 and 2.6 A distances, respectively, and the aromatic ring
(26—29). of Tyr203 is parallel to the pyranose ring at abau4 A
Conformation of Pseudo-Maltononaositramolecular distance, indicating the hydrophobic stack. At subsités
hydrogen bonds linking O2Hand O3H1 hydroxyl groups and—5, in addition to hydrogen bonding by Lys72, Gly110,

are observed between the glycosyl residues at subséés and Alalll, the aromatic ring of Trp140 closely contacts
5, —4/—3, +1/4-2, and+2/+3 (Figure 4C). Torsion angles  within a 4 Adistance the C4 atom of the 4-amino-6-deoxy-
(¢, O5(C7)—C1,—O4(N4)+1—C4ni1; Y, CLi—O4(Nd)i1— glucosyl residue at subsite5 and the C1 atom in the cyclitol

C4,+1—C5,41) of glycosidic linkagesg angles of 75.4 residue at subsite-6 (Figure 5C). These findings indicate
125.0 and y angles of—160.7 to —118.9, are in the that the hydrophobic stack interaction strictly determines the
energetically favored region except for ip@ngle at subsite  disposition of these sugar residues at these subsites.
—1/+1 of 20.5 (Figure 4C). Half-chair forms are observed Structural Comparison of Nate G6-Amylase with Its
in two cyclitol residues at subsites6 and—1 (Figure 4C). Complex.Complex formation caused structural changes in
Contacts between Pseudo-Maltononaose and G6-Amylasethe catalytic active site. In the complex, the carboxyl group
Many hydrogen bonds are observed between the cyclitol or of Glu266 no longer forms hydrogen bonds to the side chains
glycosyl residues and amino acid residues Tyr198, Glu194, of Asp333 and Arg234 (Figure 5B) but moves to the sugar
Arg234, Asp236, Lys239, His240, Glu266, His332, and residue with a change of ijg angle from 172.2to —126.7
Asp333 located at subsitesl to +2 (Table 2 and Figure  to form a hydrogen bond with the O3H hydroxyl group and
5A). The carboxyl group of the nucleophile Asp236 is close a salt bridge with the N4 amino group of the 4-amino-6-
to the C1 atom of the cyclitol residue at subsité at a 3.1 deoxyglucosyl residue at subsitel (Figure 5B). Further-
A distance, and the side chain of Glu266, a proton donor/ more, Gx atoms of Asp333 and His332 forming hydrogen
acceptor catalyst, has a close contact at a 2.8 A distance tdonds to the sugar ligand are shifted by 1.1 and 0.6 A,
a nitrogen atom of the N-glycosidic bond between the cyclitol respectively, from their position in the native structure
and 4-amino-6-deoxyglucosyl! residues at subsitdsand (Figure 5A). The calculated\pK, values of the carboxyl
+1 (Table 2 and Figure 5B). Such close contacts of catalytic group of Glu266 referred to as a proton donor/acceptor
residues have also been found in many othemmylase catalyst aret+17.6 and+4.4 for the native and complex
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Ficure 5: Structural change of the active site between the native enzyme (thin purple sticks) and its complex with pseudo-maltononaose
(thick sticks). (A) Structural change of subsiteg to +3. (B) Structural changes of the Asp236 and Glu266 catalytic residues and Asp333.
Hydrogen bonds and short contacts3(3 A) are shown by broken lines. (C) Hydrophobic stacking interaction of the indolyl moiety of
Trp140 with the 4-amino-4,6-deoxyglucosyl and cyclitol residues at subsiieand —6, respectively.

structures, respectively. The effect of Asp333 on ANpK, and relatedx-1,4-glucans, the structure of domain B of these
of Glu266 is decreased by10.9 in the complexed state. enzymes may be specific for G5 or G6 production. In fact,
This indicates that the structural changes of Glu266 and Lys72, Trp140, Asp166, and Tyr203 in domain B, which
Asp333 cause the change of the electrostatic environmentare conserved in BLAZY1), participate in constructing the
and affect their protonation/deprotonation (Figure 5B), and subsite structure as described above (Table 2 and Figure 5C).
the ApK, value of Glu266 explains the high activity of the  Structural Changes in G6-Amylase Induced by ES Com-
alkalophilic G6-amylase in a basic pH condition. plex Formation The movement of Asp333 in the complex
The Gu atoms of Glu338, Ala339, and Leu340 are wijth pseudo-maltononaose (Figure 5B) should be induced
respectively moved 1.0, 1.7, and 0.9 A closer to His332 and by substrate binding to optimize the interaction between
Asp333 (Figure 5A). In the structure of the complex, the protein and substrate. Furthermore, since the carboxyl group
carbonyl oxygen atom in the backbone of Asp333 forms a of Asp333 is expected to decrease tlig palue of Glu266
hydrogen bond with the backbone peptide group of Leu340 in the pseudosubstratenzyme complex, the structural
and the @1 atom of Leu340 is close to the aromatic ring of changes of Glu266 and Asp333 would be important for

Trp268 within a 4 Adistance (Figure 5A). efficient catalytic activity. The carboxyl group of Glu266 in
the native form may not be ionized even at a high pH
DISCUSSION environment, but in an ES complex, it would easily release

Crystal Structure of G6-Amylas&he backbone structure @ proton to donate it to the glycosidic oxygen atom at the
of G6-amylase resembles the structure of bacterial liquefying cleavage site (Figure 5B).
a-amylases BLA21) and BSTA @2). The structures of their The positional movement of region 33840 toward
B domains are considerably different from those of other region 332-333 may have arisen to relieve the steric
a-amylasesZ, 23, 24) because the amino acid sequences of hindrance between the side chain of Leu340 and the sugar
the B domains are longer by 2@0 amino acids than those ligand, and to impose a restriction on the substrate conforma-
of the other-amylases. Since BLA produces G5 from starch tion for effective binding. If a structural change does not
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FiGure 6: Schematic representation of the reaction mechanism of
G6-amylase. (A) Characteristic drawing of the interactions of the
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glucosyl residue (Table 2) suggest strong binding of the
glucosyl residue to subsite4. We tried to determine the
crystal structures of the enzyme complexed with various
maltodextrins, and the electron densities of the glucosyl
residues were more visible at subsite§ to —4 than those

at the other subsites (data not shown). Despite the break of
the intramolecular hydrogen bonds between secondary hy-
droxyl groups of the 4-amino-6-deoxyglucosyl and glucosyl
residues at subsites5 and—4 (Figure 4C), their conforma-
tion is strictly confined by the interaction with the subsites.
In contrast, the few hydrogen-bonding contacts of subsites
—3 and —2 to glucosyl residues (Table 2) indicate weak
binding of these residues to the subsites. However, the
conformations of glucosyl residues at subsites and—2

are restricted by van deer Waals interaction with region-338
340 (Figure 5A).

Amylose Degradation and Maltohexaose Production of
G6-AmylaseSince the analysis of the product ratio of short-
chain amylose showed high production levels (about 25%
total sugar) of G3 during the early stages of hydrolysis, a
substrate, @ (n = 9), may occupy subsites from3 toward
the nonreducing end of the active site and be hydrolyzed to
G3 and ®&—3 (Figure 6B). If such a binding mode of the
substrates is dominant, the enzyme would produce mostly
G3 from oligomaltoside in a fashion similar to that of BLA
acting on G8, G9, or G1(3B(). However, the X-ray structure
shows that there is no structural “barrier” preventing the
binding of more than three sugar residues at the reducing
end. Therefore, the hydrolysis to G3 andh-& by G6-
amylase would be followed by the random cleavage of a
long-chain substrate. When amylose is degraded to produce

subsites with substrate. Hydrophobic stacking and hydrogen bondsg7 ~G8, or G9, these substrates may be accommodated to

are shown by broken lines. (B) Proposed reaction process for
amylose degradation and G6 production by G6-amylase.

occur, the side chain of Leu340 would be too close within
a 3.5 A distance to the glycosyl residues at subsitésand

+2 and the side chain of Ala339 would be far from the
glucosyl and cyclitol residues at subsite2 and—1 (Figure
5A). Trp268 may contribute to stabilization of region 338
340 through CH-x interaction with Leu340 (Figure 5A).
Regions 332333 and 338340 contact each other and are
involved in the structural change to accommodate the
substrate during ES complex formation. Therefore, the
enzyme-substrate interaction would be optimized by such

structural changes as described in terms of the induced fitting.

Binding of Oligosaccharide to SubsiteEhe structure of
the pseudosubstratenzyme complex indicates that the

occupy six subsites at the nonreducing end and hydrolyzed
to G6 and G1 or G2 or G3 (Figure 6B). The interaction of
subsites—6 and —5, especially Trp140, with the glucosyl
residues would play an important role in G6 production. The
powerful interaction of subsite 6 with the glucosyl residue
indicates a possibility to form nonproductive binding (en-
zyme—product complex) of G6 that occupies subsite§

to —1 since the electron density map of the X-ray structure
acquired by soaking G6-amylase crystals in a solution with
a high concentration of maltohexaose showed a sugar chain
occupying subsites-6 to —2 (data not shown).

Importance of an Aromatic Residue at Subsité on
Maltohexaose ProductionBarley a-amylase temporarily
produces maltohexaose from starch but finally hydrolyzes
it to glucose and/or maltos&%). The structural model of a

active site of G6-amylase consists of at least three and sixbarley a-amylase-ligand complex, which is obtained by
subsites at the reducing and nonreducing ends, respectivelysuperimposing the pseudo-maltononaose structure in the G6-

(Figure 6A). The many hydrogen bonds at subsitdsand

+1 and the stack interaction of Tyr58 with the cyclitol and
4-amino-6-deoxyglucosyl residues (Table 2 and Figure 5A)
indicate that subsites1 and-+1 bind the glucosyl residues
tightly enough to distort and cleave the glycosidic bond
between the glucosyl residues at these locations.

The glucosyl residues should be tightly bound to subsites
—6 and—>5 since the aromatic ring of Trp140 is stacked on
the cyclitol and 4-amino-6-deoxyglucosyl residues by van
der Waals and/or CHx interactions and they also have

amylase complex at the equivalent location of the native
structure of barleyr-amylase 2 8), shows that, despite the
low sequence similarity, the location of Tyrl04 is almost
identical to that of Trp140 at subsite6 of G6-amylase
(Figure 7). This structural similarity of subsite6 indicates

the importance of the interaction of an aromatic residue at
subsite—6 with a glucosyl residue in maltohexaose produc-
tion. The recent biochemical analysis of subst@of barley
o-amylase 1 has shown that replacing Tyr105 with alanine
causes low degradation activity and changes the cleavage

hydrogen bonds to amino acid residues in the subsites (Tablepattern profile of PNP-G73Q). At present, we are examining

2 and Figure 5C). Moreover, the hydrogen bonds of Asp166
and the stacking of the aromatic ring of Tyr203 to the

the importance of Trp140 on maltohexaose production using
site-directed mutagenesis and a biochemical approach.
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Barley c-amylase

Ficure 7: Binding of pseudo-maltononaose with G6-amylase
(upper) and barleg-amylase 2 (lower). The complex structure of
barleya-amylase 2 with pseudo-maltononaose was modeled by the
superimposition of the ligand on the position in its native structure
(8) equivalent to that of G6-amylase. The catalytic residues and
the aromatic residue at subsite6 are colored cyan and red,
respectively.
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