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ABSTRACT. The X-ray crystal structure of a catalytic site mutanpedmylase, E172A (Glul72- Ala),

from Bacillus cereussar. mycoidescomplexed with a substrate, maltopentaose (G5), and the wild-type
enzyme complexed with maltose were determined at 2.1 and 2.0 A resolution, respectively. Clear and
continuous density corresponding to G5 was observed in the active site of E172A, and thus, the substrate,
G5, was not hydrolyzed. All glucose residues adopted a relé&@edonformation, and the conformation

of the maltose unit for Glc2 and Glc3 was much different from those of other maltose units, where each
glucose residue of G5 is named GleGlc5 (Glcl is at the nonreducing end). A water molecule was
observed 3.3 A from the C1 atom of Glc2, and 3.0 A apart from the OE1 atom of Glu367 which acts as
a general base. In the wild-type enzynmaaltose complex, two maltose molecules bind at subsit2s
and—1 and at subsite$1 and+2 in tandem. The conformation of the maltose molecules was similar to
that of the condensation product of soybgaamylase, but differed from that of G5 in E172A. When the
substrate flips between Glc2 and Glc3, the conformational energy of the maltose unit was calculated to
be 20 kcal/mol higher than that of tleés conformation by MM3. We suggest thétamylase destabilizes

the bond that is to be broken in the ES complex, decreasing the activation eA&@fywhich is the
difference in free energy between this state and the transition state.

p-Amylase (EC 3.2.1.2) hydrolyzes thel,4-glucosidic We previously demonstrated that one of the catalytic
linkage ofa-1,4b-glucans, such as starch, thereby liberating residues of soybeafi-amylase is the carboxyl group of
p-maltose from the nonreducing end of the substrate. Glul86, by using 2,3-epoxypropgp-glucopyranosideo(-
p-Amylase belongs to family 141f and is distributed EPG) as an affinity labeling reagent féramylase {7, 18).
throughout higher plants and certain bacteria. The level of On the basis of the structure of soybe@ramylase in
sequence homology between them is low {30%), al- complex with maltose, Mikami et al. pointed out that two
though some regions in the sequence are conserved amonglutamic acid residues (Glul186 and Glu380) of soybean
all p-amylases?). The subsite structures gfamylase have  S-amylase behave as the catalytic grou)s I the case of
been determined for soybean, wheat bran,Baxlllus cereus  S-amylases fronB. cereus Oyama et al. and Mikami et al.
(3—6). The three-dimensional structures/amylase from have reported that Glul72 and Glu367 are the catalytic
soybean7—9), sweet potatol0), a 7-fold mutant of barley  residues and correspond to Glu186 and Glu380 of soybean
(112), andB. cereug12—14) have been reported. The active B-amylase, respectivelyl?, 13). Oyama et al. determined
site is located in the catalytic domain (domain A), which crystal structures d8acillus cereusar. mycoideg-amylase
consists of af/a)s barrel, and is constructed with many (abbreviated as BCM3-amylase) complexed with-EPG
conserved amino acid residues. But a region of the C- or 3,4-epoxybutyk.-p-glucopyranosideo-EBG) (14), and
terminus differs between plant and bactefieimylases, with  found that the affinity labeling reagents were covalently
bacterial -amylases possessing a starch binding domain bound to Glu172. On the other hand, we recently argued
which exhibits a fold similar to those of cyclodextrin that Glu172 is a proton donor and Glu367 acts as a general
glycosyltransferase (CGTadd}15) and glucoamylaselg). base, based on the chemical rescue of the hydrolytic activity
of a catalytic site mutant [E367A (Glu36# Ala)] by azide
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(E_172A—G5 complex) and the WiId-type enzyme complexed Table 1: Data Collection and Refinement Statistics for the
with maltose (wild-type enzymemaltose complex), and the  E172A-G5 Complex and the Wild-Type

crystal structures were determined at 2.1 and 2.0 A resolution,Enzyme-Maltose Complex

respectively, by X-ray crystal structure analysis. The con- wild-type

formation of G5 bound at the active site in the E1 7285 E179A-G5 | enzym&nlﬂaltose

complex was revealed. We discuss the mechanism for the comprex comprex

; ; ; space group P2, P2,

hydrolysis of the substrate on the.ba3|$ of the conformauqn substrate or product maltopentaose (50 mM) maltose (50 mM)

of the substrate bound at the active site and the active sitecell dimensions

environment surrounding it. a, b, c(A) 57.20, 90.29, 64.98 56.81, 89.33, 65.39
B (deg) 101.74 102.32
completeness (%) 99.4/99.1 99.9/100.0

MATERIALS AND METHODS (overall/ (2.21-2.10) (2.11-2.00)

. . . outermost shell)
Enzyme Preparation and Crystallizatiohhe preparation Rinea€ (overall/ 0.080/0.230 0.056/0.183
; - ild- outermost shell) (2.21-2.10) (2.11-2.00)
of recombinant BC\NB amylase_ (wild typ_e enzyme) ar_ld the resolution (A) 30.6.2.10 29.6-3.00
E172A mutant has been described previou$8).(The wild- no. of reflections 37458 43133

type enzyme complexed with maltose and the E172A mutant no. of non-hydrogen atoms
complexed with maltopentaose (G5) were crystallized by the Protn 4115 4119

. | . . . glucose residue 336 192
hanging drop vapor diffusion metho@4). A crystallization calcium 1 1
drop, which contained a mixture ofid of protein solution Su'f?t? 5;3 58
containing 15 mg/mL protein in 100 mM acetate buffer (pH gglev‘:n? 415 395
4.6) and 2ul of precipitant solution containing 1618% R-factor 0.178 0.181
(w/v) PEG 6000, 7% (w/v) ammonium sulfate, and 50 mM  Rree 0212 0.221
maltose or G5 as a ligand in 100 mM acetate buffer (pH  ideal values
4.6), was equilibrated against 0.45 mL of precipitant solution Eong Ier19|thS((d/3\) ) 01-0??07 01-03005

: ond angles (deg . .
at 293 K A stack of t_hm-plate crystals_ grew af_ter 1 Wegk. dihedral angles (deg) 5220 21.90
To obtain larger and single crystals, a microseeding technique improper angles (deg) 0.82 0.82
ithi i Ramachandran plot
5283 \Zvas use%.ZCrystalsogrzew within 2 weeks to a size of up most favored (%) 86.9 875
0 0.4 mmx U.2 mmx U.2 mm. allowed (%) 13.1 125

Data Collection and Structure D(_atermmatlox-ray data @ Ruea= S/t — D2 3 1n — Inal/Sn311ns, whereny, In, andiy,
of each complex were collected with a Quantum4R two by are the multiplicity, intensity, anith intensity measurement of reflection
two array CCD detector consisting of four modules (Area h, respectively. Values in parentheses are the resolution ranges in
Detector Systems Corp.) with synchrotron radiation with a angstroms for the outermost shell.
wavelength of 1.0000 A at beamline BL-18B of the Photon

Factory operated at 2.5 GeV at the High Energy Accelerator (7—14). However, the structure complexed with the substrate
Research Organization (Tsukuba, Japan). A crystal of eachhas not been analyzed. In the study presented here, we could
complex was soaked in precipitant solution containing 29% getermine the structure of a catalytic site mutant E172A
glycerol before diffraction data collection, followed by complexed with G5, which is a good substrateffeamylase,

soaking in liquid nitrogen, and then it was placed in @ pocqse the rate parametdts,and molecular activity, are
nitrogen gas stream and its temperature maintained at 100

: similar to that of the substrate with a longer chaij). Our
K. Data. were processed with DPS/MOSFLIZY and results provide a solid basis for understanding the first stage
SCALA in the CCP4 packages(). : .
. of the hydrolytic reaction of the substrate.

The crystal structures were determined by the molecular ) ]
replacement method using the program AmoBA® {n the The crystaliof E172A complexed with _GS diffracted to
CCP4 package, and using the crystal structure of free BCM 2.10 A resolution, and the structure was refined t&eactor
ﬂ-amy|ase (PDB entry 5BCA)1Q) as the search model. of 17.8% and arRqe. of 21.2%. The other structure and
Refinements were carried out with CNS2|. Five percent refinement statistics are listed in Table 1. The overall fold
of the refractions were set aside fBf.. calculations 83). of the E172A-G5 complex was almost identical to that of
The molecular models were built using @4 based on B, the free enzyme (Figure 112), but a large movement of
— FcandF, — F electron density maps, and were improved the segment of residues 997 (the flexible loop) on loop
through many steps by alternate cycles of model building L3 lying over the active site in the E172AG5 complex was
and crystallographic refinement with CNS. The results of in a closed form, in contrast to the free enzyme which is in
data collection and refinement statistics are summarized inan open form. Saccharides were observed at four locations
Table 1. on the enzyme molecule. One of them was located at the

The coordinates and structure factors of the E17%5 active site in domain A, which consists of A/¢)s barrel,
complex (PDB entry 1ITC) and the wild-type enzyme  and the other three were bound at sites located in domain C
maltose complex (PDB entry 1J18) have been deposited in(Sijte 1) and domain B (Sites 2 and 3). At the active site, a
the Protein Data Bank. clear connected density corresponding to a pentasaccharide

was observed, the, — F difference density clearly showed
RESULTS AND DISCUSSION the G5, and each glucose residue could readily be built into

Structure of E172A Complexed with Maltopentaose. the density. The 2, — F. density of G5 in the active site is
Crystal structures ofi-amylases complexed with substrate shown in Figure 2a. The five glucose residues in G5 are
analogues have been determined by X-ray crystallographynumbered +5 from the nonreducing end (i.e., GleGIcb).
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Ficure 1: Ribbon representation of the E172&5 complex.

Domains A-C are shown in green, pink, and blue, respectively. A

yellow and red stick model represents the maltosaccharides, which

bind at the active site and Sites-3. This figure was generated Thr330
using Bobscript47) and RENDER from the raster3D packag®)( &

The averag®-factors for Glct-Glc5 were 14.0, 15.3, 14.8,
19.0, and 28.6 A respectively. They were comparable to
those of the surrounding amino acid residues, suggesting full
occupancy of G5. All glucose residues adopted a relaxed
4C, conformation, and the conformation of the maltose unit
for Glc2 and Glc3 was much different from those for Glcl AP
and Glc2, Glc3 and Glc4, and Glc4 and Glc5. The torsion Glul7?2
angles around the-1,4-glucosidic linkage between Glc2 and
Glc3 were 145.8aroundg (O5—C1—-04—C4) and 119.58 FiGUre 2: Electron density @, — Fc) contoured at & for (a)
aroundy (C1-04—C4 —C5). Although maltooligosaccha- maltopentaose and (b) two maltose molecules, which bind at

id th ht to adopt laxed helical f fi subsites—2 to +3 of E172A and subsites2 to +2 of the wild-
raes are thougnt to adopt a relaxed helical contformation, type enzyme, respectively. Each sugar in panels a and b is shown

the torsion angles around thel,4-glucosidic linkage inthe  together with Glu367, Thr330, and Alal72 and with Glu367,
crystal structure ofi-maltose were 11%6aroundg and—118° Thr330, and Glu172, respectively. This figure was generated using

aroundy (35). The torsion angles are listed in Table 2 where Bobscript ¢7) and RENDER from the raster3D packag)(
the subsites in the active site are numbered according to the
nomenclature for sugar-binding subsites in glycosyl hydrolase Table 2: Torsion Angles around the Glucosidic Linkages in the
(36). The torsion angles are similar to those of the soybean ACtive SIt€

B-amylase-maltose condensation complex reported by Mi- _Szugﬁgii _iugrfgfl +51U§r?g$32 +32U§r?3$53
kami et al. 8). Glcl is almost covered with the flexible loop

and has seven hydrogen bonds to four amino acid residues, 208 145.8 1173 105.6
which is the largest number among other glucose residues, , —1485 1195 -105.9 —126.9
and 14 C-C contacts to eight amino acid residues; GIc2 wild-type enzyme-
has three hydrogen bonds to three amino acid residues and ™Maltose

E172A-G5

: . ; . 74. - 124. -
10 C-C contacts to six amino acid residues. In the case of _154.3 _ _117_2 _
the a-amylase family, an aspartic acid which interacts with soybeam-amylase-
02 and O3 of the glucose residue located at subiteis maltosé
. 66.8 152.6 111.7 -
absolutely conserved3{—40), but in the case of BCM » _151.2 098  —1125 _

(163 has five hydrogen bonds (0 thiee amino acid toslues ., 5,1 05.C1-04C4 angle andy e C+-04_C4~C5

g . . . angle, where O4 represents the oxygen of the glucosidic linkage, and
and 16 C-C contacts to eight amino acid residues. Glc4 has atoms of the linked reducing end glucose unit are priidthe torsion
only one hydrogen bond to an amino acid residue (His292) angles of this enzyme were evaluated by using PDB entry 1BYB. The
and 25 G-C contacts to seven amino acid residues. Glc5 subsites in the active site are numbered according to the nomenclature
has no direct hydrogen bond and five-C contacts to two ~ [°F Sugar-binding subsites in glycosyl hydrolage)(
amino acid residues. Most of GIc5 is exposed to solvent.
Tables 3 and 4 and Figure 3 show the hydrogen bondingalmost identical to those of soybeghamylase-maltose
and hydrophobic interactions of the E172685 complex. complexes, except for positions Thr330 and Val95 which
The interactions between each glucose residue on subsitesorrespond to Thr342 and Val99 of soybe@ramylase,
—2 to +2 and amino acid residues in the active site are respectively.
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Table 3: Hydrogen Bonding Interacticn@d) between Protein and Table 4: C-C Contacts between Protein and Ligand in the
Ligand in the E172A-G5 Complex, the Wild-Type E172A—G5 Complex, the Wild-Type EnzymeMaltose Complex,
Enzyme-Maltose Complex, and the SoybegmAmylase-Maltose and the Soybeafi-Amylase-Maltose Complex
Complex C—C contact
wild-type soybean wild-type soybean
sugar . . E172A- enzyme- f-amylase- sugar residue E172AG5 enzyme-maltose B-amylase-maltosé
atom amino acid atom G5 maltose maltosé
Glel elet Leuts Leu19 Leu20
02  Asp97 OD (108 2.6 25 2.6 Ai‘; 9 A‘zg 20 A2‘553
03 His89 NE (93) 2.9 2.8 3.0 Trp51 Trps51 Trp55
04 Asp49 OD (53) 2.7 2.6 2.6 le8s less le89
04 His89 NE (93) 3.1 2.9 3.0 His89 His89
05 Arg397 NH (420) 2.9 2.9 3.0 Aspo7 Asp97 Asp101
06 Asp49 OD (53) 2.6 2.5 2.6 Alal70 Alal70 Ala184
06 Arg397 NH (420) 3.1 2.9 31
Glc2 Glc2 Val95 Val95
Oleq Thr3300G1 (342)  ax 3.0 Alal70
Oleq Thr3300 (342) ax 2.8 33 c Glul72 Glu186
Oleq Glu367 OE (380) ax 28 Lys287 Lys287 Lys295
Oleq Asn368 0 (381) ax 28 Thr330 Thr330 Thr342
02 Ala369 O (382) 2.9 2.8 2.8 Glu367
03 Val95 O (99) 2.9 Ala369 Ala369 Ala382
05 Glu172 OE (186) e 3.2 Leu396 11396 Leu4d19
05 Glu367 OE (380) 3.2 Glc3 Valos Valos
06  Lys287 NZ(295) 3.1 3.0 2.8 Alal70 Ala170 Ala184
06 Glu367 OE (380) 2.8 3.1 2.8 c Glul72 Glul86
Glc3 Argl74
0z Gly2900 Tyr178 Tyr178 Tyr192
03 Gly290 N (298) 3.3 3.1 29 Ala289 Ala289 Ser292
03 Thr330 0 (342) 3.2 Gly290 Gly290 Gly298
03 Thr330 OG (342) 2.8 2.8 Trp293 Trp293 Trp301
04 Glul72 OE (186) e 25 2.6 Thr330
04 Thr330 OG (342) 3.1 3.3 Ala369 Ala369 Ala382
05 Tyrl78 OH (192) 3.2 3.1 3.1
06 Glul72 OE (186) e 26 Glca Val95 Val95 Val99
06 Argl74 NE (188) 3.3 Tyrl78 Tyrl78 Tyrl92
06  Argl74 NH (188) 3.0 2.9 Tyrl86 Tyrl86 Trp198
06  Tyrl78 OH (192) 2.9 2.8 _ _ Phe200
Glca His292 His292 His300
03 His292 NE (300) 2.9 2.7 2.7 Trp293 Trp293 Trp301
- Met334 Met346
aH-bond distance 0k3.3 A for the E172A-G5 complex and the Leu370 Leu370 Leu383
wild-type enzyme-maltose complexX® These values are for the soybean
p-amylase-200 mM maltose complex taken from PDB entry 1BYB. Gles Val9s
¢Numbers in parentheses are soybghamylase residue numbers Leu370
corresponding to those of BC)#tamyalse d These values are for the aC—C distance of<4.5 A for the E172A-G5 complex and the wild-
soybearp-amylase-200 mM maltose complex taken from r&fe This type enzyme-maltose complex® These values are for the soybean
residue is replaced with an alanine residue. p-amylase-200 mM maltose complex taken from PDB entry 1BYB.

¢ This residue is replaced with an alanine residue.

Structure of the Wild-Type Enzyme Complexed with
Maltose The crystal of the wild-type enzyme complexed of the maltose at subsitesl and+2 was higher than others.
with maltose diffracted to 2.00 A resolution, and the structure Also, the averag®-factor of the flexible loop was 1.3-fold
was refined to afR-factor of 18.1% and afyee 0f 22.1%. higher than that of the E172AG5 complex. These facts
The other structure and refinement statistics are listed in suggest that a maltose molecule alternatively binds at subsites

Table 1. The overall fold of the wild-type enzymenaltose —2 and—1, or at subsitest1 and+2. Figure 4 shows a
complex was almost identical to that of the E172B5 comparison of the conformations of sugar in the wild-type
complex. Maltose was observed at four sites on the enzymeenzyme and other enzymes (i.e., soybgamylase, E172A,
molecule: two maltoses were bound at subsité&sto +2 and p-amylase BQ10-S1). As shown in Figure 4a, the

in tandem, and the others were bound at Site 1 and Site 2.conformations of maltose molecules in the wild-type enzyme
Electron density was observed between Glc2 and Glc3 in are quite similar to those of the soybgaamylase-maltose
the active site (Figure 2b). The electron density of Glc2 complex; however, the conformation of the maltose that
suggests the existence af and g-maltose. Wher- or occupied subsites-1 and+2 is different from that in the
f-maltose binds at subsites?2 and —1, the other maltose  E172A—G5 complex or in the complex gf-amylase from
molecule cannot bind to subsitesl and+2 at the same  B. cereusBQ10-S1 Spoll (BQ10-S1) and maltosE3). As
time because the distance between the C1 atom of Glc2 andshown in Figure 4b, the position of the C4 atom of Glc3 in
the O4 atom of Glc3 is too short (1.7 A), unless a the wild-type enzymemaltose complex shifted 0.7 A toward
condensation between the maltose molecules occurs. Thehe side chain of Ala289 compared with that in the E172A
averageB-factors for Glct-Glc4 at the active site were 24.4, G5 complex, the position of the C4 atom of Glc3 in the
44.4, 51.4, and 54.0 Arespectively. They are higher than BQ10-S13-amylase-maltose complex shifted 1.1 A, and
those of the E172AG5 complex, and the avera@efactor the Glc3 slid toward Glc4 compared with that of the wild-
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Ficure 3: Schematic drawing of the binding mode of a substrate, G5, in the active site of the EGBE2&omplex. Water molecules are
presented as gray spheres. Possible hydrogen bonds are represented with dashed lines. This figure was generated usirdy)Baimbcript (

RENDER from the raster3D packagé8].

type enzyme-maltose complex (see Figure 4c). The distance
between the C1 atom of Glc2 and the O4 atom of Glc3 in
the BQ10-S13-amylase-maltose complex is 3.0 A, which
differs from that of the wild-type enzymemaltose complex
(1.7 A). Thr330 and Cys331 on loop L6 in the wild-type
enzyme-maltose complex shifted toward Glc3 so that the

Two binding sites were found in domain B in the E172A
G5 complex (Figure 1). One is located in the same place as
the BCM p-amylase-GGX complex at Site 214), and
electron density corresponding to a tetrasaccharide with a
relaxed helical conformation was observed on the molecular
surface. The conformation of two glucose residues from the

distance between the OG atom of Thr330 and the O3 atomnonreducing end of the tetrasaccharide was identical to those

of Glc3 was 2.7 A as in the soybeghamylase-maltose
complex 8), the BQ10-SB-amylase-maltose complexi(3),
and the BCMB-amylase-GGX complex (4). Consequently,
a hydrogen bond was formed. In the case of the E172A

of the wild-type enzymemaltose complex and the BCM
p-amylase-GGX complex. The reducing end in the wild-
type enzyme-maltose complex was/@xanomer, but that of
the E172A-G5 complex was an-anomer. A new electron

G5 complex, however, such a shift was not observed anddensity corresponding to one disaccharide in the EX72A

the conformations of Thr330 and Cys331 were identical to
those of the free enzymé?) (see Figure 4b).

Other Binding SitesThe enzyme has a starch binding
domain (domain C) similar to those of CGTasks)(and
glucoamylase X6). Electron densities corresponding to a
trisaccharide in the E172AG5 complex and to a maltose
in the wild-type enzymemaltose complex were observed
at Site 1 in domain C (Figure 1). The conformation of two

G5 complex was observed at Site 3, locateti4 A from

the glucose residue of the reducing end of G5 bound at the
active site. The nonreducing end glucose residue had four
hydrogen bonds to three amino acid residues and & C
contacts (Glu238, Asn297, Thr299, 1le300, Tyr340, and
Tyr343). The reducing end glucose residue had three
hydrogen bonds to three amino acid residues and 22 C
contacts to five amino acid residues (Serl88, Argl89,

glucose residues from the reducing end of the trisaccharideGIn294, Asn297, 11e300, Tyr340, and Pro341), and the O1

in the E172A-G5 complex was almost identical to that of
the maltose in the wild-type enzymenaltose complex,
which interact with four residues, Trp449, Trp495, GIn499,

atom exhibited thex-configuration. As the reducing end
glucose residues at Sites-3 in the E172A-G5 complex
exhibiteda-configurations and the E172A lost activity9),

and Lys482. In particular, the two glucose residues were it is suggested that G5 was bound at each binding site.

bound to Trp449 and Trp495 by a stacking interaction. The
interaction is quite similar to that in the BQ10-Biamyl-
ase-maltose complex reported by Mikami et al3}. The
nonreducing end glucose residue has only-aQCcontact
with Trp449 and no hydrogen bonding with amino acid
residues. The reducing end in the wild-type enzymealtose
complex was af-anomer, but that of the E172AG5
complex was am-anomer.

In the case of cyclodextrin glycosyltransferase from
Bacillus circulansstrain 251, the maltose binding Site 2
(MBS?2) is situated at the beginning of the groove leading
to the active site, suggesting a role for MBS2 in guiding the
substrate to the active sité1). The binding site correspond-
ing to MBS2 was not observed in domain C of BCM
p-amylase, and all nonreducing ends of saccharides at the
binding sites did not directly face the active site. All binding
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FiGurRE 4: Stereorepresentations of the superposition of the enzgogar complex: (a) wild-type enzymenaltose complex in gray and
soybear-amylase-maltose complex (PDB entry 1BYB) in cyan, (b) wild-type enzyrnealtose complex in gray and E172455 complex
in yellow, and (c) wild-type enzymemaltose complex in gray and BQ10-Blamylase-maltose complex (PDB entry 1B9Z) in purple.

sites were observed on a half-surface of the enzyme molecule In the E172A-G5 complex, a water molecule was
containing the active site (see Figure 5a); however, no bind- observed 3.0 and 3.3 A from the OE1 atom of Glu367 and
ing site was observed on the opposite surface (see Figure 5b)the C1 atom of Glc2, respectively (see Figure 2a). In the
Thus, it is thought that the binding site (Sites3) simply case of the wild-type enzymemaltose complexF, — F
plays the role of adsorbing to the surface of raw starch.  electron density of the water molecule was also observed at
Catalytic Mechanism of BCM-Amylase.In the crystal almost the same place as in the E17ZB5 complex.
of the E172A-G5 complex, G5 was not hydrolyzed. It seems However, the positive peak of th&g— F. electron density
that the structure of the E172AG5 complex corresponds is not as strong as that of the E1726&5 complex. The fact
to a Michaelis complex which is a noncovalent enzyme that Glc2 also exhibits thg-anomer suggests that it is
substrate complex (ES complex) in the reaction coordinate difficult for the water molecule to fit in this place. The
for the wild-type enzyme. In the wild-type enzymmaltose carboxyl group (COO) of Glu367 can activate the coordi-
complex, two maltose molecules occupied subsit@sto nated water molecule (between the OE1 atom of Glu367 and
+2 by the same binding conformation as G5 in the E172A  the C1 atom of Glc2) in either SN1 or SN2 reactions, and
G5 complex. The catalytic residues Glul72 and Glu367 arethe hydroxide ion generated from the water molecule
located between subsitesl and+1. We demonstrated that activated by the OE1 atom of Glu367 can act as a nucleophile
Glu367 acts as general base and Glul72 acts as general acitbward the C1 atom of Glc2 so thatmaltose is produced.
in the previous study on the chemical rescue of a catalytic The conformation of the substrate that binds to the active
site mutant E367A by azidel9); thus, it is confirmed that  site is very important in understanding the mechanism of
the [Kj's of Glul72 and GIc367 in the free enzyme are 8.4 the catalytic reaction. The distance between the O2 atom of
and 4.0, respectively6y. Glc2 and the O3 atom of Glc3 is 3.9 A due to rotation of
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Ficure 5: Surface models of the E172A55 complex using Pymol (http://www.pymol.org). Model b is the other side of model a, rotated
180°. A yellow and red stick model represents the maltosaccharides, which bind at the active site ang &it@erhains A-C are shown
in green, pink, and blue, respectively.
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Ficure 7: Distribution of glucosidic dihedral anglesandy for
FIGURE 6: Orientation of thex-1,4-glucosidic bond between GIc2  maltose, in which the MM3 isoenergy contours are calculated with
and Glc3 of G5 at the catalytic site of BCBAamylase. Main chains ~ ane of 4 (45): (@) E172A—G5 complex, [J) soybearg-amylase-
of E172A-G5 and wild-type enzymemaltose complexes are 200 mM maltose complex, anch) soybeans-amylase-8 mM
superimposed. G5, Glu367 of the E172G5 complex, and Glu172 ~ maltose complex. The torsion angles of soybgaamylase were
of the wild-type enzymemaltose complex are shown as stick evaluated by using PDB entries 1BYB and 1BYC.
model. The lobes of the orbital show lone pair electrons.

in the direction of Glu172 acting as a proton donor as shown
the glucosidic bond between Glc2 and Glc3; thus, there is in Figure 6. This allows lateral protonation of the glucosidic
no interaction between them as in the case ofbttamylase oxygen atom and will be advantageous for providing a proton
family (22, 40). In the case of CGTase, which catalyzes both from Glul72 to glucosidic oxygen. Such an orientation has
hydrolysis and transglycosylation reactiod®)( it is sug- been discussed for retaining enzymés, @43, 44).
gested that the rotation of the glucosidic bond facilitates In the E172A-G5 complex, the conformation of the
departure of the leaving group after formation of the maltose unit for Glc2 and Glc3 was much different from
intermediate 40). In the case off-amylase, however, it is  other maltose units. All torsion angles of ttel,4-glucosidic
not necessary to depart the leaving group becgtmmylase linkage are shown as empty circles on a Ramachandran-like
catalyzes a hydrolytic reaction but does not do a transgly- plot for maltose (Figure 7), in which the MM3 isoenergy
cosylation reaction. The hydrolytic reaction should be able contours calculated with an of 4 (45) are shown by the
to occur with facility as a water molecule exists between solid curves. Allp andy values except one correspond to
the C1 atom of the reactive pyranose ring and OEL1 of Glu367 those of thecis conformation ¢ = 93°, y = —145°) which
acting as a nucleoplile (see Figure 2a), even if a substrateis the most stable in solution. However, the substrate flips
occupies subsites 2 to +3 and the leaving group does not between Glc2 and Glc3, and the conformational energy of
depart from the catalytic site. On the other hand, the rotation this maltose unit is 20 kcal/mol higher than that of the
of a glucosidic bond positions a lone pair of the' @fom conformation. It is interesting that maltotetraose binds to
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soybear-amylase in the same conformation as Gi€lc4 14
of G5 to BCM S-amylase. Also, the maltose unit which
includes the glucosidic linkage to be broken has a higher
conformational energyy = 152.6 andy = 99.8 (a regular
square in dot circles in Figure 7). Thus, the glucosidic linkage 16
between Glc2 and Glc3 appears to be strained on binding,
but the energy required to form this unfavorable conforma-
tion could easily be overcome by numerous enzyme
substrate interactions, including the movement of the flexible
loop (Tables 3 and 4 and Figure 3). These interactions

[Eny
(6]

17

between the enzyme and substrate are seen to be in goodyg.

agreement with those of maltotetraose (condensation product)
in the soybeays-amylase-maltose complex. Computer simu-
lations to explain how these interactions stabilize the substrate 5,
are in progress. Kaneko et afld) analyzed the structure of
the soybeaps-amylase-maltotetraose complex and explained
the rotation of the substrate between Glc2 and Glc3. By this

rotation,3-amylase makes the substrate bind in such away 54

that its glucosidic oxygen is pointing toward the bottom of

the active cleft, avoiding the collision of the substrate with 25

the cleft. Then, a water molecule attacks the intermediate
from the exit of the cleft to produce only tieanomer. In
addition to their suggestion, we suggest here fhainylase
destabilizes the bond that is to be broken in the ES complex,

decreasing the activation energyG*, which is the difference 21

in free energy between this state and the transition state. As 2g,

a result3-amylase could catalyze the hydrolysis of amylose,
producing thes-anomer of maltose.

NOTE ADDED AFTER ASAP POSTING

This paper was posted prematurely on the Web on 04/18/
03. f-Amylase is now correctly identified as belonging to
only family 14 in the second sentence of the text. The
corrected version of this paper was posted 04/22/03.
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