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The crystal structure of 8-amylase from Bacillus cereus var. mycoides was determined by
the multiple isomorphous replacement method. The structure was refined to a final R-factor
of 0.186 for 102,807 independent reflections with F/g(F)>2.0 at 2.2 A resolution with
root-mean-square deviations from ideality in bond lengths, and bond angles of 0.014 A and
3.00°, respectively. The asymmetric unit comprises four molecules exhibiting a dimer-of-
dimers structure. The enzyme, however, acts as a monomer in solution. The g-amylase
molecule folds into three domains; the first one is the N-terminal catalytic domain with a
(B/a)s barrel, the second one is the excursion part from the first one, and the third one is the
C-terminal domain with two almost anti-parallel 2-sheets. The active site cleft, including
two putative catalytic residues (Glu172 and Glu367), is located on the carboxyl side of the
central B-sheet in the (8/a); barrel, as in most amylases. The active site structure of the
enzyme resembles that of soybean 8-amylase with slight differences. One calcium ion is
bound per molecule far from the active site. The C-terminal domain has a fold similar to the
raw starch binding domains of cyclodextrin glycosyltransferase and glucoamylase.
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binding domain.

B-Amylase (EC 3.2.1.2] is an exo-enzyme which catalyzes
the hydrolysis of the «-1,4-glucosidic linkages of sub-
strates such as starch, and liberates 8-maltose from the
non-reducing end of a substrate. The distribution of
[-amylase in nature is limited to higher plants and bacte-
ria. The amino acid sequences of more than ten §-amylases
of both origins have been determined by sequence analysis
of peptides or by deduction from the nucleotide sequences
of genes. Sequence alignments revealed that several con-
served regions exist in all 8-amylases in spite of the low
sequence identity between bacterial and plant §-amylases
(about 30%) (I-4). Glul86 of soybean S-amylase and
Glul87 of the sweet potato enzyme, which was proposed to
be catalytic residues based on the results of an affinity
labeling experiment involving 2,3-epoxypropy! « -D-gluco-
pyranoside (a-EPG), are included in the conserved regions
(5, 6). Recently, the crystal structures of soybean £-amy-
lase in complexes with substrate analogues were reported
(7). The authors proposed the catalytic residues were
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Glul186 and Glu380, and the hypothetical binding of a
substrate, maltotetraose, in the active site. The amino acid
residues involved in the oligosaccharide binding in the
crystal structures of soybean fB-amylase are commonly
found in the sequences of both bacterial and plant 8-amy-
lases. Hence, the structures of the active sites of S-amy-
lases from both kingdoms are expected to be very similar to
each other. On the other hand, Nitta et al. reported that the
kinetic behavior of bacterial and plant #-amylases differs
(8). For example, the intrinsic molecular activity of 8-
amylase from Bacillus cereus var. mycoides (abbreviated
as BCM g-amylase) is five times greater than that of
soybean S-amylase, whereas the binding affinity of BCM
S-amylase for a substrate is about 0.8 kcal/mol lower than
that of soybean #-amylase. The binding affinity for « -EPG,
an affinity labeling reagent for BCM g-amylase, is 1-1.6
kcal/mol greater than those of the soybean and sweet
potato S-amylases, although the concomitant inactivation
rate constants for the three enzymes are similar. The
report attributed the differences in kinetic parameters to a
subtle structural difference in the active site between
bacterial and plant 8-amylases. The sequence alignments
also indicated that bacterial f-amylases have additional
residues in a C-terminal region as compared to plant
[-amylases. These additional residues exhibit sequence
homology with those in the raw starch binding domains of
other carbohydrate-degrading enzymes from bacteria (3,
9). This corresponds to the fact that bacterial g-amylases
have the ability to bind raw starch whereas plant 8-amy-
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lases do not.

BCM pg-amylase was found by Takasaki in 1976 (10), and
its amino acid sequence has been deduced from the nucleo-
tide sequence of the gene (11). Structural comparison at the
atomic level between bacterial and plant #-amylases would
explain the differences in kinetic behavior between them
and reveal how bacterial §-amylases bind raw starch. No
structure determination, however, has been reported for
bacterial 8-amylases. We therefore determined the crystal
structure of the enzyme and here report its three-dimen-
sional structure at 2.2 A resolution. The coordinate data
have been deposited with the Protein Data Bank.

EXPERIMENTAL PROCEDURE

BCM g-amylase, which consists of a single polypeptide
chain of 516 amino acids and has a molecular weight of
58,000, was purified and crystallized as described (12).
Crystals of the enzyme grown at 293 K from PEG6000
belong to the monoclinic space group, C2, with unit cell
dimensions of a=177.94, b=112.94, ¢=146.2 A, and
A =105.8". There are four molecules per asymmetric unit,
which corresponds to a Matthews parameter (13), Vau, of
3.03 A3.Da! and a solvent content of 59.4%. Heavy-atom
derivatives were prepared by the soaking method. Native
crystals were first transferred to a solution containing 15%
(w/v) PEG6000 buffered at pH 6.5 with 50 mM Bistris or
with 50 mM MES to avoid precipitation of heavy-atom
compounds, which may occur at a weak alkaline pH (9.0).
Then, crystals were soaked into various solutions of heavy-
atom compounds. Four heavy-atom compounds, HCOOTI,
mersaryl acid, (CH;);CCOOPb and K,Pt(NO,), were found
to be useful for phasing.

Diffraction data sets for native crystals and for a Tl
derivative were collected by synchrotron radiation (SR) at
the beamline BL.-6A of the Photon Factory (PF) operated at
2.5 GeV at the High Energy Accelerator Research Organi-
zation, Tsukuba. The X-ray beam was monochromatized to
1.00 A with a Si(111) monochromator and was collimated
with a 0.2 mm square aperture. Oscillation and Weissen-
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berg photographs were recorded on 200 mm X400 mm
imaging plates mounted on a screenless Weissenberg
camera for macromolecular crystals (14) with a cylindrical
cassette of 430 mm radius. Data for Hg, Pb, and Pt
derivatives were collected with a RIGAKU R-AXIS Ilc
imaging plate diffractometer mounted on a RIGAKU RU-
200 rotating-anode generator with graphite-monochro-
matized CuKa radiation operated at 40 kV and 100 mA.
The statistics for intensity data sets are given in Table 1.
The major heavy-atom sites of T1, Hg, and Pt derivatives
were located on difference Patterson maps at 5.0 A, and
then multiple isomorphous replacement (MIR) phases were
calculated with the MLPHARE program (15) in the CCP4
program suite (16) using these heavy atom sites. Difference
Fourier maps at 5.0 A with the MIR phases disclosed
further sites for the Pt and Pb derivatives, which were
incorporated into the phasing. After heavy-atom parame-
ters had been further refined, final best phase angles based
on the four derivatives were calculated (Table I). The 2.2 A
MIR phases were improved by solvent flattening and
histogram matching with the DM program (17) in the CCP4
suite. The improved electron density map clearly revealed
the non-crystallographic symmetry (NCS) among the four
molecules in the asymmetric unit together with the knowl-
edge of heavy-atom binding sites. Recalculation of DM
further improved the 2.2 A MIR phases through a combina-
tion of solvent flattening, histogram matching and NCS
averaging, giving an interpretable electron density map
(Fig. 1). A molecular model of BCM S-amylase was built on
a Silicon Graphics Indigo2 workstation with the O program
(18). Crystallographic refinement of the model with the
X-PLOR program (19) and manual model correction with
the O program were iterated until the convergence of
refinement. NCS-restraints were applied for the four
molecules in the asymmetric unit tightly in the early stages
of refinement, and then loosely in the middle stages.
Finally, the four molecules were released from NCS-re-
straints. In the course of refinement, an (|Fops| —|Fearc])™®
electron density map showed one strong peak of higher than
100(p) per enzyme molecule. X-ray fluorescence analysis

TABLE I. Statistics for intensity data and heavy atom refinement.
Heavy atom compound Native HCOOT1 Mersaryl-acid K,Pt(NO,)., (CH,),CCOOPb
Soaking conc. (mM) — 0.5 0.4 0.6 5.4
Soaking time (d) — 2 8 2.5 3.6
X.ray source SR* SRe CuK, CuK, CuK,
No. of crystals 3 1 1 1 1
Resolution range (A) 95.3-2.2 95.3-3.0 95.3-2.8 95.3-3.5 95.3-3.2
No.of observed reflections 649,891 114,433 104,640 72,226 72,100
No. of unique reflections 113,913 48,930 54,699 34,237 40,193
Completeness® 81.5 87.3 80.1 96.2 85.9
Raorge (I) (%0)¢ 6.90 4.8 8.1 4.5 7.2
R (F) (%) —_ 13.2 14.8 18.9 10.5
No. of sites — 5 5 9 3
Rirawi® — 0.73 0.83 0.79 0.96
Reunn' — 0.81 0.86 0.88 0.99
Phasing poweTcanric* - 0.95 0.78 0.68 0.22
Phasing poweraceniric® 1.18 1.00 0.86 0.29

Mean figure of merit (overall) 0.437 for 33,444 reflections in the range 15.0-2.8 A.

*Synchrotron radiation. ®*The completeness of the data to the indicated resolution is given. Ruerge = = parZ T (hkl) i — I (ARD)Y|/Z a2 (hRL),,
where I(hkl), is the ith measurement of reflection hkl, <I(hkl)> the mean value of equivalent reflections, and i runs through the symmetry-
related reflections. ® Rio = Z|| Foul— | Fe||/Z| Fru| where |Fpy| and | F;| are the derivative and native structure factor amplitudes. ¢ Rycau = Z|| Fou| —
|Fp + Ful|l/Z|Feu| where F, is the calculated heavy-atom structure factor amplitude. ‘Reunis =Z||Fon+ Fy|— Ful/Z|Feu = F¢| where Fy is the
calculated heavy-atom sturcture factor amplitude. *The phasing power is defined as the mean heavy-atom structure amplitude divided by the

mean lack-of-closure error.
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of an aqueous solution of the enzyme with a spectrometer,
RIX2100 (RIGAKU), significantly showed the presence of
calcium ions. We therefore assigned the strong peaks in the
difference map as calcium ions. After solvent molecules had
been incorporated into the model, refinement was per-
formed with the X-PLOR and REFMAC programs (20)
alternatively.

RESULTS AND DISCUSSION

Quality of the Final Model—The refined model contains
four BCM S-amylase molecules, four calcium ions and 748
water molecules per asymmetric unit. The whole model
was built into the ele¢tron density map, and its sequence is
completely consistent with that deduced from the nucleo-
tide sequence (11). The final crystallographic R-factor is
0.186 for 102,871 independent reflections with F>24(F)
in the resolution range of 8.0 t0 2.2 A, and the free R-factor
is 0.240 for 5% of the independent reflections. The refine-
ment statistics are given in Table II. The mean positional
error of the atoms estimated from a Luzzati plot (21) is
0.25 A. A Ramachandran plot (22) showed that 87.2% of
the non-glycine or non-proline residues are in the most
favored regions defined with the PROCHECK program
(23), 12.4% in additionally allowed regions, and 0.4% in
generously allowed regions.

Non-Crystallographic Symmetry (NCS)—Figure 2 shows
the arrangement of four molecules in the asymmetric unit.
These four molecules exhibit a unique “dimer-of-dimers”
structure. We refer to these molecules as Moll, Mol2,
Mol3, and Mol4. Moll and Mol2 are related by a non-
crystallographic diad (M,) and form a dimer. Similarly,
Mol3 and Mol4 are related by another local diad (M,) and
form another dimer. The interaction between Moll and
Mol2 is mainly hydrophobic; Asn243 and Thr299 of Moll
interact with Trp449 and Trp495 of Mol2, and vice versa.
The hydrogen bonding interaction between Mol1 and Mol2
is through only two water molecules located between them,
there being no direct hydrogen bonding. The interactions
between Mol3 and Mol4 are the same as the Moll-Mol2
interactions. The Moll1-Mol2 dimer and the Mol3-Mol4
dimer are further related by a non-crystallographic diad
(D). The D diad relates Mol1l to Mol3, and Mol2 to Mol4. In
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Fig. 1. Stereo view of the MIR
phased electron density map.
The map calculated at 2.8A is
shown contoured at 1o(p) with the
final model.

contrast to monomer-monomer interactions, dimer-dimer
interactions consist mainly of hydrogen bonding (10 direct-
ly between protein molecules and 14 through water
molecules located between the two dimers). The D-axis
makes an angle of 68.1° with a crystallographic diad in
parallel with the b-axis, whereas the M, and M, axes are
almost at right angles (90.6°) with each other. These three
axes do not intersect with each other.

It was found from the profile obtained in a gel-filtration
column experiment that the enzyme is mono-disperse (10,
our unpublished data). We also confirmed that the mole-
cules exist as monomers at a concentration of 20 mg/ml
(working solution for crystallization) by means of dynamic
light-scattering measurements (24) with a DynaPro-801
Molecular Sizing Instrument (Protein Solutions) (our
unpublished data). It is therefore concluded that the tetra-
meric structure of the enzyme in the crystal line state is not
related to its enzyme function in solution.

As described under “EXPERIMENTAL PROCEDURE,” NCS
restraints were not applied in the later stages of model
refinement. Nevertheless, the final structures of the four
molecules in the asymmetric unit resemble each other with
r.m.s. discrepancies of 0.194 A for main-chain atoms and
0.344 A for side-chain atoms. Figure 3 shows the average
r.m.s. discrepancies of main-chain atoms from the mean
structure averaged over the four molecules in the asym-
metric unit as a function of the residue number. In this
figure, there are six regions with high r.m.s. discrepancies,
labeled a to f. Regions a, d, e, and f (residues 94-96, 432-
435, 462-465, and 488-489, respectively) are located on
the molecular surface and exposed to the solvent with high
B-factors (on average 45.7 A? for main-chain atoms). The
residues in these regions are more flexible and hence may
exhibit conformational variations. On the other hand, the
high r.m.s. discrepancies in regions b and ¢ (residues 109-
112 and 210-226) reflect differences in packing environ-
ments among the four molecules. All other regions are well
superimposable among the four molecules in the asym-
metric unit with low r.m.s. discrepancies, indicating that
the four molecules have rigid and essentially the same
structures. Hence, we only describe the structure of Moll,
as a representative of the four molecules.

Overall Structure—Figure 4 shows the main chain fold-
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ing of BCM g-amylase. The enzyme folds into three
domains, A (residues 1 87, 135-165, 248 -287, and 313

417), B (residues 88-134, 166 247, and 288-312), and C
(residues 418 516). The N-terminal 417 residues fold into
domains A and B, and the remaining C-terminal 99 residues
into domain C. Domains A and B form one globular
structure with dimensions of 70 A <45 A x40 A, while
domain C forms another with dimensions of 35 A x 25 A x
25 A. The overall enzyme molecule has the shape of a
kidneybean with a dent at the boundary between domains A
and C. Domain A has a (8/a). barrel or TIM barrel
structure (25), while domain B consists of three loops
extending from domain A. Domain C is made up of two
[-sheets of almost anti-parallel pairs of #-strands. Figure
5 shows the topology of the secondary structures and the
domain arrangement of the enzyme.

Domain A, the central and catalytic domain of BCM
B-amylase, folds into a (8/a)s barrel. A (8/a), barrel is
found invariably in plant 8-amylases (7, 26), «-amylases
of various origins (27 34), cyclodextrin glycosyltransfer-

TABLE II. Refinement statistics.
No. of protein atoms 4> 4,119
No. of amino acid residues 4-516

No. of calcium ions 4-1
No. of water molecules 748
Average B-factor (A°) for

Main-chain 23.4

Side-chain 25.1
Resolution range (A) 8.0 2.2
No. of independent reflections 107,457
Completeness (%) 79.7
R-factor* 0.186
Rypoe 0.240
Amplitude cutoff |F|.-2.00(F)
R.m.s. deviations from ideality for

Bonds (A) 0.014

Angles () 2.998

Dihedrals ( ) 25.361

“R-factor —S'|F,.| - |Fuu.!/S[F.,.| where |F...| and |F.,.| are the
observed and calculated structure factor amplitudes. "R;.... factor is
calculated using 5% of the data.
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ase (CGTase) (35), and maltotetraose-forming exo-amy-
lase (36). The polypeptide segments between a -helices and
B-strands of the (8/a). barrel are defined as loops (Fig. 5).
Loops located on the carboxyl side of the S-strands are
longer than those on the amino side. This feature is
commonly found in (8 /a), barrel proteins. The deep active
site cleft is formed on the carboxyl side of the 3-sheet of the
(B/a), barrel. Domain A has three a-helices (a1, @2, and
a7), other than those of the (8/«). barrel, and two 3,,-
helices (A3,,-1 and A3,,-2). Domain B consists of three
loops, L3, L4, and L5, which extend from the £-strands,
ApB3, Ap4, and AB5, of the (8/a). barrel, respectively
(Fig. 5). Domain B has some secondary structures, consist-
ing of one 3,,-helix (B3,,-1) and two short anti-parallel
B-sheets (BS1-BA2 and BB3-BS4) in L3, three a-helices
(a3, a4, and ab5) and four 3,,-helices (B3,,-2, B3,,-3,
B3,,-4, and B3,,-5) in L4, and an a-helix («6) in L5. The
fold of domain B does not belong to any typical supersec-
ondary structure. The sole disulfide bond in the enzyme is
formed between Cys91 and Cys99 in loop L3. This S-S bond
is conserved in the #-amylases from B. polymyxa (37) and
B. cereus BQ-10 S1 Spoll (38). Domain B constitutes part
of the active site cleft on the carboxyl side of the 3-sheet of
the (3/a), barrel. Domain C is in contact with domain A
roughly on the opposite side of domain B (Fig. 4). Domain
C has no contact with domain B. Domain C consists of two
[-sheets packed against each other with residues 418-516.
One fS-sheet is composed of four g-strands, Cg1, C33,
€p4, and CB8, where only C31 and C88 form a parallel
[B-strand pair. The other sheet also consists of four fg-
strands, C82, CB5, CB6, and CB7, with anti-parallel
hydrogen bonding. The fold of domain C is similar to those
of the raw starch binding domains of CGTase (35) and
glucoamylase (39).

Calcium Binding The highest electron density in the
Fourier map was assigned to one calcium ion per molecule
(Fig. 6a). Because no binding of calcium in 3-amylases has
been reported, we confirmed the existence of calcium in the
enzyme by means of X-ray fluorescence experiments. This
is the first finding of the binding of a metal ion in 8-amy-
lases. The calcium ion is located between loop L2 and helix

Fig. 2. Stereo view of the “dimer of
dimers” structure in the asymmetric
unit. Moll is shown in magenta, Mol2 in
cyan, Mol3 in orange, and Mol4 in green,
respectively. Three non-crystallographic
symmetry axes, D, M., and M., are denoted
by black lines.
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Fig. 3. Average r.m.s. discrep-
ancies of main-chain atoms from
the mean structure averaged over
the four molecules in the asym-
‘ metric unit as a function of the
residue number. The dashed line
shows the average value for all the
v \ r.m.s. discrepancies of main-chain

atoms. Regions with high average.

r.m.s. discrepancies are labeled as a to
" f. See the text for details.

Aa3 of domain A, and liganded by the five side chain
oxygens of Glu56, Asp60, Asn61, Glul41, and Glul44, and
a water molecule in an octahedral geometry (Fig. 6b). This
calcium ion seems not to be involved in catalysis, because
the ion is 20.8 and 32.2 A apart from the putative catalytic
residues, Glul72 and Glu367, respectively. The function of
the calcium ion is unknown at present, but it probably
stabilizes the structure of the enzyme. No calcium ion is
found in the crystal structure of soybean 5-amylase. In the
soybean 3-amylase, the position of the calcium ion in BCM
3-amylase is occupied by the guanidinium ion of Argl48
(7). Sequence alignment (our unpublished data) indicated
that the calcium binding residues of the enzyme are also
conserved in the S-amylases from B. circulans (40), B.
polvmyxa (41, and B. cereus BQ-10 S1 Spoll (3). but not
plant enzymes, suggesting the former three enzymes may
have a calcium ion.

Structural Comparison of Raw Starch Binding Do-
mains  We inferred that domain C of the enzyme has raw
starch binding ability on comparison of the structure of
domain C of the enzyme with those of raw starch binding

Fig. 4. Ribbon representation of a BCM
B-amylase. Domain A is shown in red,
domain B in green, and domain C in blue.
The calcium ion is represented by a orange
sphere. The S-S bond and the catalytic
residues, Glu172 and Glu387, are shown as a
ball.-and-stick model. The figure was prepar-
ed with MOLSCRIPT (44).

domains, the E domain of CGTase (cyclodextrin glycosyl-
transferase) (PDB ID code: 1CDG, 35), and SBD (starch
binding domain) of glucoamylase (PDB ID code: 1ACO0, 39).
Figure 7a shows ribbon models for domain C of the enzyme,
and the raw starch binding domains of CGTase and gluco-
amylase. The amino acid sequence of domain C of the
enzyme exhibits 31.3% identity with the raw starch binding
domain of CGTase, and 28.2% identity with that of gluco-
amylase. The sequence identity between the raw starch
binding domains of CGTase and glucoamylase 1s 34.0%
(Fig. 7b). Despite the low sequence identities between the
three homologous domains, their three dimensional struc-
tures exhibit very similar folding. The topologies of the
S-strands for the three domains are almost the same,
consisting of almost anti-parallel -sheet structures. The
major difference is that CGTase lacks the third 3-strand of
BCM p-amylase and glucoamylase. Domain C of the
enzyme can be superimposed on the CGTase E domain and
glucoamylase SBD with r.m.s. discrepancies of 0.59 and
1.74 A, respectively. for the C.. atoms in the Z-strands and
a successive loop immediately after C/542. Domain C of BCM
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Fig. 5. Comparison of the pri-
mary structures of BCM and soy-
bean g-amylases. Black bars rep-
resent a-helices, gray bars 3,-
helices, and arrows £-strands. For
soybean £-amylase, only the second-
ary structure elements which com-
prise the (8/a), barrel are shown.
Two catalytic residues are denoted
by stars, residues involved in cal-
cium binding of the BCM #-amylase
by circles, and residues involved in
substrate binding in the crystal
structure of soybean A-amylase/
maltose complex (PDB code: 1BYC)
by diamonds.
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[-amylase resembles the raw starch binding domain of
CGTase more closely than that of glucoamylase.

In CGTase, two maltose binding sites, MBS1 (Maltose
binding site 1) and MBS2 (Maltose binding site 2}, in the
raw starch binding domain were identified in the crystal
structure of the CGTase/maltose complex, as shown in Fig.
7a (35). Site-directed mutation analysis of CGTase reveal-
ed that MBS1 is the most important site for raw starch
binding (42). We compared the structure of domain C of
BCM g-amylase with that of the raw starch binding domain
of CGTase, paying special attention to the maltose binding
sites. The first site, MBS1, of CGTase is formed from five
amino acid residues, Trp616, Lys651, Trp662, Glu663 and
Asn667. The counterparts in BCM g-amylase are Trp449,
Lys482, Trp495, GIn496, and GIn499 (Fig. 7b). These five
residues of CGTase and BCM g-amylase have similar
locations and orientations in the framework of the raw
starch binding domain. This indicates that maltose could
bind to BCM £-amylase in a similar manner to CGTase.
The crystal structure of the enzyme shows that Trp449 and
Trp495 are involved in a major hydrophobic interaction
between two monomers in a dimer. Trp449 and Trp495
may bind maltose when the enzyme is adsorbed on starch.
In the case of glucoamylase, NMR spectroscopy demon-
strated that the site corresponding to MBS1 interacts with
carbohydrate (39). Compared to MBS1, the second site of

T. Oyama et al.

Fig. 6. Calcium binding site
of BCM g-amylase. (a) An omit
map without the contribution
from calcium ions and solvent
molecules. (b) Schematic repre-
sentation of residues and a water
molecule around the calcium ion.

BCM g-amylase shows lower structural similarity to MBS2
of CGTase. MBS2 of CGTase is formed from seven amino
acid residues (Thr598, Ala599, Gly601, Asn603, Asn627,
GIn628, and Tyr633) (Fig. 7b). Only two residues (Thr598
and Gly601) in MBS2 of CGTase are conserved in BCM
f[-amylase (as Thr431 and Gly434). The probability of
maltose binding at the second site of the enzyme is not
obvious. Still, the structural similarity of the first site as
well as the overall folding to those of CGTase and gluco-
amylase strongly suggest that possibility that domain C of
BCM g-amylase is a “raw starch binding domain.”

Relative Location of the Starch Binding Domain as to the
Catalytic Domain—The relative location of the raw starch
binding domain (C) as to the catalytic domain (A) in BCM
[-amylase is fairly different from that in CGTase. In the
[-amylase, the C-terminal domain, i.e. the putative raw
starch binding domain, is connected directly to the N-ter-
minal catalytic domain in contact with helices Aa7 and
Aa8 of the (8/a). barrel. On the other hand, CGTase has
two additional domains, C and D, between the N-terminal
catalytic domain and the C-terminal raw starch binding
domain along the polypeptide chain (35). The C-terminal
raw starch binding domain of CGTase is in contact with the
fourth helix of the barrel. It has been noted that raw starch
granules are hydrolyzed in the active site cleft of carbo-
hydrate-degrading enzymes, not in the raw starch binding
domain.

Structural Comparison between BCM and Soybean (-
Amylases—To determine structural similarities and differ-
ences between bacterial and plant 8-amylases, we compar-
ed the structure of BCM B-amylase with that of soybean
[-amylase. In this study, the comparison was made with
the structure of free soybean gB-amylase (PDB ID code:
1BYA, 7). The Ca atoms of the B-sheets in the (8/a)«
barrels were least-squared fitted, leading to a r.m.s.
discrepancy of 0.66 A for 46 equivalent C, atoms. The
superimposed Ca structures of the whole molecules of
BCM and soybean A-amylases are shown in Fig. 8a.
Although BCM S-amylase exhibits low sequence identity of
31.3% with soybean B-amylase (Fig. 5), its fold is very
similar to that of the soybean enzyme, except for the C-
terminal region. The structures of the C-terminal regions
of the two enzymes are totally different. BCM S-amylase

-J. Biochem.
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Fig. 7. Raw starch binding
domains. (a) Ribbon drawings
of BCM p-.amylase (top),
CGTase (center), and gluco-
amylase (bottom) prepared with
MOLSCRIPT (44). A-Strands
are drawn as arrows, and the two
maltose molecules in MBS1 and
MBS2 of CGTase as a ball-and-
stick model (center). The two
tryptophan residues in MBS1 of
CGTase, and the corresponding
residues in BCM g-amylase and
glucoamylase are also shown asa
wire model. (b) Sequence align-
ment between the raw starch
binding domains. The residues
in MBS1 (®) and MBS2 ( .) of
CGTase are marked. The resi-
dues conserved in the three
enzymes are denoted by aster-

isks.
Cpi “p2 CP3
» > R
[f-amylase 418 -TP---VMQT IVVENVPTTI GDTVYITGNR AELGSWDTKQ YPIQ-LYYDS HSN-~----- D 466
CGTase 584 ---GDQVSVR FVVNNATTAL GQNVYLTGSV SELGNWDP-A KAIGPMYNQV VYQY----PN 635
glucoamylase 509 CTTPTAVAVT FDLTA-TTTY QENIYLVGSI SQLGD‘:ET-S DGIA-LSAD- --KYTSSDPL 562
Cpd Cps Cpo Cp7 Cpy
& > 2 -l - = .
|'-amylase 467 WRGNVVLPAE RNIEFKAFIK SKDGTVKSWQ TI-QQSWNPV PL-=---KTTS HTSSWe==-- 516
CGTase 636 WYYDVSVPAG KTIEFKFLKK Q-GSTV-TWE GGSNHTF~TA PSS---GTAT INVNWQP--- 686
glucoamylase 563 WYVTVTLPAG ESFEY&FIRI ESDDSV-E“JE SDPﬁREY—TV PQACGTSTAT VIDTWR---- 616

has a putative raw starch binding domain (C domain) in its
C-terminal region whereas soybean §-amylase does not
have any domain structure. In domain A, the eight a-
helices and eight S-strands of the (8/a), barrels are
similar in length and geometry in the two S-amylases. The
structures of the loops connecting these secondary struc-

Vol. 125, No. 6, 1999

ture elements in the two enzymes are roughly similar
except for two loops, L1 and L'7. These structural features
shared by the two S-amylases could be the structural
foundation of A-amylases. The residues of domain B
comprising the active site have similar positions in the two
[-amylases, and consists of three segments of residues 88-
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94, 166-177, and 288-293, each following #-strands AS3,
Ap4, and AB5 of the (8/a)s barrel. Other residues of
domain B have different positions in the two enzymes,
corresponding to deletions or insertions in the two se-
quences. In spite of these structural differences, the domain
Bs of the two enzymes have similar dimensions of 50 A x 40
Ax20A.

In soybean S-amylase, two glutamic acid residues
(Glul86 and Glu380) are proposed to be catalytic residues
(5, 7). Glu172 and Glu367 of BCM g-amylase, the putative
catalytic residues, as judged on sequence alignment, are
well superimposable on the corresponding residues of
soybean S-amylase, as shown in Fig. 8b. Site-directed
mutagenesis also revealed the roles of Glu172 and Glu367
as catalytic residues (our unpublished data). The crystal
structure of soybean £-amylase in a complex with maltose
had two bound saccharides in the active site cleft, indicating
that 24 amino acid residues including the two catalytic ones
are in contact with the bound saccharides through hydrogen
bonds or hydrophobic interactions at subsites 1 through 4

T. Oyama et al.

Fig. 8. Structural comparison of
BCM and soybean g-amylase. (a) C,
representation of BCM g-amylase super-
imposed on soybean S-amylase. BCM 8-
amylase is drawn as solid lines and soy-
bean S-amylase as dashed lines. The
figure is a view from the carboxyl side of
the (8/a), barrel along its axis. (b) A
non-hydrogen atoms drawing of residues
in the active site cleft for BCM g-amylase
superimposed on soybean S-amylase.
BCM $-amylase is drawn as solid lines and
soybean S-amylase as dashed lines. Glu-
172, Thr330, Cys331, and Glu367 of BCM
B-amylase are labeled.

(Fig. 5) (7). These 24 residues of soybean S-amylase are
almost completely conserved in the sequence of and also
structurally in BCM S-amylase. It is hence inferred that
the binding manner of BCM £-amylase as to saccharides is
similar to that of soybean #-amylase.

Conspicuous differences between the two S-amylases,
however, were observed in the side-chain conformation of
two residues in loop L6 located between subsites 2 and 3.
The y, angles of Thr330 and Cys331 of BCM S-amylase
differ by about 180" and 90° from those of the corresponding
residues of Thr342 and Cys343 of soybean £-amylase,
respectively. Thr342 of soybean #-amylase interacts with
a bound saccharide through hydrogen bonding in a crystal of
a complex with maltose (7). Chemical modification of
Cys343 of soybean §-amylase caused a loss of activity (43),
although the residue does not interact directly with a bound
saccharide in the soybean 8-amylase/maltose complex (7).
Such observed differences in the side-chain conformation of
the two residues between BCM and soybean S-amylases
may cause the differences in kinetic behavior between them

J. Biochem.
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(5). The tertiary structures of BCM S-amylase in complex-
es with saccharides are needed to fully understand the
interactions with saccharides in the active site. Our prelim-
inary X-ray analysis of BCM 8-amylase crystals soaked in
several saccharide solutions showed bound saccharides in
the active site cleft in electron density maps. We are now
conducting structure analyses of these crystals and will
published the results elsewhere.

This work was performed with the approval of the Photon Factory
Program Advisory Committee (Proposal No. 95G064). We wish to
thank Dr. N. Sakabe and his colleagues for their cooperation and help
with the data collection at the Photon Factory.
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