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B-Amylase, which catalyses the release of B-anomeric maltose from the non-reducing end of starch, is widely used
in the food industry. Increasing its enzyme activity through protein engineering might improve the efficiency of
food processing. To obtain detailed structural information to assist rationale design, here the crystal structure of
Bacillus cereus p-amylase (BCB) complexed with maltose was determined by molecular replacement and refined
using anisotropic temperature factors to 1.26 A resolution with Ryorc/Riree factors of 12.4/15.7 %. The structure
contains six maltose and one glucose molecules, of which two maltose and one glucose are bound at sites not
previously observed in BCB structures. These three new sugar-binding sites are located on the surface and likely
to be important in enhancing the degradation of raw-starch granules. In the active site of BCB, two maltose
molecules are bound in tandem at subsites —2 ~ —1 and +1 ~ +2. Notably, the conformation of the glucose
moiety bound at subsite —1 is a mixture of a-anomeric distorted L4B boat and 4C1 chair forms, while those at
subsites —2, +1 ~ +2 are all in the *C; chair forms. The O1 of the distorted a-glucose residue at subsite —1
occupies the position of the putative catalytic water, forming a hydrogen bond with OE1 of Glu367 (base
catalyst), suggesting that this distorted sugar is not involved in catalysis. Together, these findings pave the way

for further improving the functionality of microbial 3-amylase enzymes.

1. Introduction

Starch is saccharified by various amylolytic enzymes, and the
resulting sugars are widely used in the food industry as a nutritional
source of energy. B-Amylase (a-1,4-glucan maltohydrolase; EC 3.2.1.2)
catalyses the liberation of 8-anomeric maltose from the non-reducing
ends of starch. Maltose has a milder sweetness than sucrose and is
used primarily in the production of maltose syrup and in the brewing
industry. The enzyme can also be added to processed foods such as bread
and rice cakes to prevent starch ageing and to maintain softness [1].

B-Amylase is a member of family 14 of glycoside hydrolases [2-5]
and is distributed in higher plants [6] and some microorganisms [7-9].
In plants, it has physiological roles in seed activation prior to germina-
tion, fruit development and ripening [10,11]. Currently, industrial
B-amylase is sourced mainly from plants such as soybean and wheat.
However, the continued supply of plant f-amylase is an increasing
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concern due to the rise in grain prices resulting from global economic
instability. In this respect, microbial p-amylases are a potential alter-
native to plant enzymes because they can be easily obtained and have a
lower risk of allergy.

There have been extensive structure-function analyses of p-amylases
from the genus Bacillus [12-14]. The catalytic domain consists of a
(B/a)g-barrel fold and is very similar to that of plant enzymes. However,
the enzyme has a unique starch-binding domain (SBD) [15], not found in
plant enzymes, which is assumed to be responsible for degrading raw
starch granules. Regarding industrial maltose production, the use of
microbial p-amylase might significantly reduce costs by eliminating the
need for starch gelatinization at high temperatures [16]. Product
development for industrial use of Bacillus flexus f-amylase is underway
[171, and Bacillus aryabhattai -amylase has also been found to retain
high activity and thermal stability [18]. If these p-amylases are made
highly functional, their value for industrial use would be further
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Table 1
Data collection and refinement statistics of BCB/maltose. Values in parentheses
are for the outer shell.

BCB/Maltose

A. Diffraction data

X-ray source

Wavelength A)

Resolution range A

Space group

Unit cell parameters
a,b,c(A), p ()

Unique reflections
Multiplicity
Completeness (%)
Mean I/(I)

Wilson B-factor (A2)
Rmerge (%)

Rmeas (%)

CCy/2 (%)

. Refinement statistics
Resolution range used refinement @A)
Number of reflections
Completeness (%)

Ryork (%)
Reree (%)
Amino acid residues
Ca*'/Mal/Glc/SO3 ™ /Gol/water
R.m.s.d., bond lengths &)
R.m.s.d., bond angles A)
Ramachandran outliers
cis peptide
PDB ID

SPring-8/BL38B1

1.0

50.00-1. 26 (1.28-1. 26)
P2,

56.974, 89.843, 66.035, 103.092
171593 (7029)

3.3(1.7)

99.3 (80.5)

48.5 (5.95)

12.72

4.7 (18.2)

5.4 (24.6)

99.5 (94.6)

10-1.26 (1.30-1.26)
162442 (13191)

93.24 (84.55)

12.4 (21.0)

15.7

516 (1-516)
1/6/1/1/8/869

0.02

0.04

3 (Asn243, Tyr398, Thr510)

4(186-187, 340-341,396-397, 503-504)

8ZRZ

enhanced. An effective way to achieve this is rational design based on
the precise structure of the enzyme complexed with substrate analogues.

Herein, we determined the structure of Bacillus cereus B-amylase
(BCB)/maltose complex at 1.26 A resolution, representing a marked
improvement to our previously determined resolution of 2.0 A. Three
surface-located sugar-binding sites have been newly identified, as well
as an alternative conformation of the sugar bound to the active site. Our
findings will pave the way for improving the functionality of microbial
B-amylase enzymes.
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2. Materials and methods
2.1. Crystallization and data collection

Overexpression, purification, and crystallization of BCB were per-
formed as described previously [9,12]. In brief, crystallization of BCB
was performed at 18 °C by the hanging drop vapor diffusion method as
follows: 5 pL of protein solution (15 mg/mL) in 0.05 M sodium acetate
buffer was mixed with 5 pL of mother liquor consisting of 15 % PEG6000
and 5 % saturated (NH4)2SO4 in 0.1 M phosphate buffer (pH 6.5) con-
taining 300 mM maltose. Drops were allowed to equilibrate to 1 mL of
mother liquor for 3 days and then microseeded with BCB crystals.
Crystals appeared within 6 h of seeding and grew for 1 week. The BCB
crystal used for data collection was approximately 1 mm x 0.5 mm x
0.5 mm and monoclinic. A data set at 1.26 A resolution was collected at
the BL38B1 beamline of SPring-8 using an ADSC Quantum 4R CCD de-
tector and monochromatic wavelength (A = 1.000 A) from the
flash-frozen crystal at 100 K. Data reduction was performed with
HKL2000 [19]. Data collection statistics are summarized in Table 1.

2.2. Structure refinement

Using the coordinates of the previous BCB structure (PDB ID 1B9Z) as
a search model, we obtained the molecular replacement phase of the
high-resolution crystal structure using AutoSol in Phenix [20]. The
model was manually rebuilt using COOT [21] and then further refined
with SHELXL [22]. Throughout the whole process, 171,593 reflections
(representing 99.3 % of the total data between 10 and 1.26 A resolution)
were used for refinement, and 8582 reflections were reserved for
cross-validation analysis using Rpre. Finally, the structure of BCB was
refined to Ryork/Rfree residuals of 12.4/15.7 % between 10 and 1.26 A
resolution (Table 1). The main chain torsion angles of three residues
(Asn243, Tyr398 and Thr510) were in the outlier region of Ramachan-
dran plots with distinct electron density. Anisotropic refinement of
atomic temperature factors except for hydrogen atoms resulted in a
significant improvement in the quality of the electron density map,
allowing in most cases unambiguous determination of the correct
orientation of the side chain residues by distinguishing among carbon,
nitrogen and oxygen atoms. The puckering parameters of the sugar rings
were calculated by the method of Cremer and People [24] implemented
to an internet server [25].
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Fig. 1. Whole structure of the BCB/maltose complex. A, Cartoon representation with sphere models of maltose (A-F) and glucose (G). B, Comparison of BCB (blue)
with soybean p-amylase (magenta). Inset shows the magnified active site. The starch-binding domain (SBD) is shown as a dotted circle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Maltose-binding sites with Fo-Fc omit map contoured at 3 . A, Mal A and Mal B in the active site; B, Mal C and Mal D. Left and right stereo images are shown.

2.3. Sequence analysis

Sequence analysis was performed using sequences from Bacillus ce-
reus (WP_018780455.1), Bacillus flexus (RIV10038.1), Bacillus aryab-
hattai (WP_033580731.1), and Bacillus megaterium (AJI22868). The
alignment was prepared using Clustal W [26] and ESPript3 [27].

3. Results and discussion
3.1. Overall structure and sugar-binding sites

The BCB/maltose complex crystallized in space group P2; with di-
mensions of a = 56.97, b = 89.84, and ¢ = 66.04 A. The structure was
solved by molecular replacement and refined to 1.26 A resolution
(Table 1). The final model contains 516 residues, six maltose, one
glucose, one calcium ion, one sulfate ion, nine glycerols and 890 water
molecules. The flexible loop (92-96), which is reported to play an

important role in the catalytic step [23], is in the closed form. In
contrast, the inner loop (329-332) is a mixture of apo and product forms
[23].

The structure consists of two domains: the N-terminal catalytic
domain and the C-terminal SBD (Fig. 1A). The catalytic domain adopts a
(B/m)s-barrel fold, as previously reported [12], whereas the SBD consists
of two 4-stranded antiparallel p-sheets, which are classified as
carbohydrate-binding module 20 (CBM20) [28]. Only microbial p-am-
ylases possess the SBD, while the structure of the N-terminal catalytic
domain is conserved between BCB and soybean amylase (SBA) (Fig. 1B).

Two maltose molecules, Mal A (Glc4-3, chain B) and Mal B(Glc2-1,
chain B) are bound consecutively at subsites —2 ~ —1 and +1 ~ +2
in the active site. In addition to these, there are three maltose residues
bound in the catalytic domain. Two maltose molecules Mal C (Glc2-1,
chain C) and Mal D (Glc2-1, chain D) are bound to one sugar-binding site
in the hook-like domain in the loop region (L4) between 4 and a4 of the
(B/a)g barrel. Although the binding mode of Mal C is almost the same as
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Fig. 3. Maltose-binding sites with Fo—Fc omit map contoured at 3 5. A, Mal E; B, SBD Mal F and Glc G in the SBD domain. Left and right stereo images are shown.

that observed previously in BCB, Mal D is newly observed on the outer
side of Mal C with the diffused density of the non-reducing end glucose
residue. Another novel maltose, Mal E (Glc2-1, chain E) is located be-
tween al and a8 of the (B/a)g barrel. In contrast to the catalytic domain,
only one maltose, Mal F (Glc2-1, chain F) and one glucose, Glc G
(Bgc602, cain A) are found at the surface of SBD. Mal F is located around
strands b3 and pb4, while Glc G is located about 19 A away from Mal F
between strands b4 and pa4.

The isotropic temperature factors, occupancies, puckering parame-
ters, sugar ring forms, anomer types and sugar torsion angles of the six
maltose molecules and glucose residue are summarized in Supplemen-
tary Table 1. Except for a glucose residue with an alternate *B
conformation at subsite —1, the sugar conformations of the other
glucose residues are in the 4Cy chair form. Of the maltose-binding sites,
Mal D shows the lowest occupancy. The glucose residues in the active

site have the lowest isotropic B-factor (14.0 A2 for site —2 and 15.2 A2
for site +-2), while the reducing end of Mal F has the highest isotropic B-
factor (33.8 [o\z). The reducing ends of Mal A-Mal D and Mal F are all
a-anomeric, while those of Mal E and Glc G are p-anomeric (Bgc resi-
dues). The sugar torsion angles of the six maltose molecules are all in the
stable regions [29].

3.2. Maltose in the active site with a distorted glucose ring

In our BCB/maltose complex structure (Fig. 2A), the sugar-ring of the
glucose at subsite —1 has two alternate ring forms: the B boat
configuration (occ. 0.75) and the 4C1 chair configuration (occ. 0.25).
Both forms are the a-anomer (Supplementary Table 1). Based on the
atomic distance, the interactions between the glucose residues and
protein residues comprise hydrogen bonds and C-C contacts
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Fig. 4. Comparison of the carbohydrate-binding motif CBM20 in BCB (pink), CGTase (blue, PDB ID 1CDG) and glucoamylase (green, PDB ID 1AC0). BCB and CGTase
are complexed with maltose; glucoamylase is complexed with p-cyclodextrin. The r.m.s.d values are 1.18 A (100 Ca), 2.82 A (100 Ca) and 2.51 A (102 Ca) between
BCB and CGTase, between BCB and glucoamylase, and between CGTase and glucoamylase, respectively. The Mal F site of BCB is common to CGTase and glucoa-
mylase. The disordered Gol 604 site of BCB also seems to be common to CGTase and glucoamylase, but the Glc G site of BCB is specific to p-amylase. Left and right
stereo images are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Supplementary Table 2). The interactions of the glucose residues at the
active site (subsite —2 ~ +2) are almost the same as those reported
previously [12], except for the glucose at subsite —1, which is
a-anomeric and shows the novel *B boat and *C; chair configurations.
In the previous low-resolution refinement, the glucose at subsite —1 was
the p-anomer with a “C; chair configuration. Here, 01’ of the glucose
with the *B boat configuration is placed close to the position of the
catalytic water molecule, allowing it to create a hydrogen bond with
OE2 of Glu367 (base catalyst) and O of Asn368, while the O1’ of the
glucose with the *C; chair configuration makes a hydrogen bond with
the acid catalyst of Glul72 (Supplementary Table 2). This suggests that
the base catalyst is important not only to activate the catalytic water, but
also to distort the sugar-ring at the —1 site of Mal B. In a previous study
of SBA, it was concluded that formation of the B boat configuration at
—1 site depends on pH higher than the pK, of the base catalyst [30]. The
a-anomeric B boat configuration seems to be related to the inhibition
of p-amylase by its product maltose, because the K; value of maltose is
reported to be around 6 mM in SBA [31]. This suggests that the distorted
sugar may be useful for the design of a specific inhibitor of p-amylase.
The difference in architecture around the base catalyst between BCB and
SBA is thought to be due to variations in the optimum pH of the
respective enzymes [30,32].

3.3. Maltose-binding sites in the catalytic domain

As mentioned above, two maltose molecules (Mal C and Mal D) are
bound to the sugar-binding site in the hook-like domain in the loop re-
gion (L4) between B4 and o4 of the (f/a)g barrel (Fig. 1). The in-
teractions between the maltose molecules and the protein residues are
depicted in Fig. 2B and summarized in Supplementary Table 2. The
newly observed Mal D is close to Mal C. Mal D makes one hydrogen bond
with OD2 of Asp236, and a water-mediated hydrogen bond with OG of
Ser235. The glucose residue at the reducing end of Mal D make C-C
contacts with Asp236 and GIn239. Mal D is positioned almost parallel to

Mal C in the same direction, making one hydrogen bond between 02 of
Mal C and O2 of Mal D. This binding mode of Mal C and Mal D seems to
be important for recognition of the branched chains of starch, although
the occupancy of the Mal D site is low (0.45). The other novel maltose
(Mal E) is located between ol and o8 of the (B/a)g barrel (Fig. 3A). The
glucose residue at the non-reducing end of Mal E make hydrogen bonds
with GIn40 (03--Gln40 OD2 and 04--Gln40 NE2), while that at the
reducing end of Mal E makes water-mediated hydrogen bonds with
Asn33 O and Asn405 OD1 (Supplementary Table 2). The side chain of
Trp37 forms C-C contacts with the two glucose residues of Mal E.

3.4. Maltose-binding sites in SBD

In addition to the sugars in the catalytic domain, one maltose (Mal F)
and one glucose residue (Glc G) are present at the surface of SBD
(Fig. 3B). Mal F is located around strands of fb3 and b4 as reported
previously [15]; however, Glc G is newly identified between strands pb4
and a4 at a distance of ~19A from Mal F. Gle G forms CH/x-stacking
interaction with His 512 and C-C contacts with Trp502. It also makes
two hydrogen bonds with the main-chain O and N of Thr513 (Fig. 3B
and Supplementary Table 1). The position of Glc G is distinct from
maltose-binding site 2 found in the SBD of cycrodextrin glycosyl-
transferase (CGTase) [33,34] and glucoamylase (GA) [35] (Fig. 4).
Similar to the SBD of CGTase and GA, these two sugar-binding sites in
SBD of BCB may be important in promoting the degradation of raw
starch.

3.5. Significance of the sugar-binding sites of BCB

The novel sugar-binding sites (Mal D, Mal E and Glc G), located at
non-catalytic surface regions of the catalytic domain and SBD, were not
observed in previous structures of BCB/maltose. Co-crystallization with
higher maltose concentration, as used in the present study, seems to find
weak binding sites better than the previous soaking method [12].



A. Hirata and B. Mikami

Similar binding sites, termed surface binding sites (SBSs), have been
observed in various types of a-amylases and are usually formed by an
aromatic residue on the surface of the enzyme [36,37]. Extensive
mutational analyses of several types of a-amylases suggest that stacking
interactions between the sugar ring and the aromatic residue at the SBSs
are essential to the adsorption of starch and also increase catalytic ac-
tivity, especially towards insoluble starch. Therefore, it is possible that
the SBSs in BCB weakly absorb starch granules to promote interaction of
the enzyme with its substrate and enhance degradation of starch by the
SBD. Indeed, such weak binding sites seem to be correlated with the
digestion of raw starch by amylolytic enzymes. In general, the interac-
tion between the carbohydrate binding motif and carbohydrate is weak,
thereby making the interaction easily reversible. Notably, the amino
acid residues comprising the three novel binding sites are mostly
conserved in the genus Bacillus (Supplementary Fig. 1), but not in other
genera. This indicates that the ability of p-amylase of the genus Bacillus
to degrade starch granules is superior to that of others, and that
improving the three binding sites may further increase enzyme activity.

4. Conclusions

Our high-resolution structure of BCB/maltose complex has revealed
three sugar-binding sites (Mal D, Mal E and Glc G) not seen in the pre-
vious structure. It is likely that these binding sites function as SBSs, as
observed in various a-amylases, and may contribute to the degradation
of starch granules by adsorbing starch. Further increasing the ability of
the SBSs to adsorb starch, by using protein engineering to introduce
aromatic amino acids for stacking interactions with sugars or to arrange
amino acid residues to form hydrogen bonds, might lead to higher raw
starch degrading activity. Our structure also reveals that the glucose in
subsite —1 in the active site of BCB takes disordered conformations. One
is the a-anomer “C; chair form and the other is the a-anomer *B boat
conformation. O1 of the boat form makes a hydrogen bond between the
01 of glucose and the base catalyst (Glu367). This a-anomer configu-
ration indicates that excess maltose production may lead to the inhibi-
tion of p-amylase, resolving a long-standing issue.

Data availability

The crystal structure of the BCB/maltose is deposited on Protein Data
Banka (PDB) with accession code 8ZRZ.
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