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ABSTRACT. The crystals ofi-amylase fronBacillus cereuselong to space group2; with the following

cell dimensions:a = 57.70 A,b = 92.87 A,c = 65.93 A, ands =101.95. The structures of free and
maltose-boung-amylases were determined by X-ray crystallography at 2.1 and 2.5 ARafigtttors of

0.170 and 0.164, respectively. The final model of the maltose-bound form comprises 516 amino acid
residues, four maltose molecules, 275 water molecules, ofie,@me acetate, and one sulfate ion. The
enzyme consists of a cor/{)s-barrel domain (residues-%34) and a C-terminal starch-binding domain
(residues 435613). Besides the active site in the core where two maltose molecules are bound in tandem,
two novel maltose-binding sites were found in the core L4 region and in the C-terminal domain. The
structure of the core domain is similar to that of soybgaamylase except for the L4 maltose-binding

site, whereas the C-terminal domain has the same secondary structure as domain E of cyclodextrin
glucosyltransferase. These two maltose-binding sites ar@82 apart from the active site. These results
indicate that the ability oB. cereug3-amylase to digest raw starch can be attributed to the additional two
maltose-binding sites.

B-Amylase catalyzes the liberation fanomeric maltose  binding sites in CGTase domain B, (10) and in the
from the nonreducing ends of starch and is distributed in separated starch-binding domain of glucoamylagg (t was
plants and microorganism4)( s-Amylases fromBacillus pointed out, however, that the raw starch-digesting ability
polymyxa(2), Bacillus circulans(3), Clostridium thermosul-  of somea-amylases without the C-terminal starch-binding
furogeneg4), andBacillus cereug5, 6) have been cloned domain may be attributed to their extra sugar-binding sites
and sequenced. These bactefiaimylases have properties in the catalytic domain. In pancreaticamylase, carbohy-
different from those of the plant enzymes in terms of drate recognition sites®, 13) or an accessory sitd4) has
optimum pH, specific activity, isoelectric points, the number been characterized by X-ray crystallography. A recent study
of sulfhydryl/disulfide groups, and the ability to digest raw about barley a-amylase complexed with acarbose also
starch, though they exhibit similar molecular weight3.( demonstrated a surface-located starch granule-binding site
The ability to bind and digest raw starch granules that is characteristic of cereat-amylase {5). Irrespective of the
found in bacterialf-amylases can be attributed to their starch-binding sites in the core or independent domain, they
C-terminal region, which does not show any similarity to seem to be inevitable for digestion of raw starch granule.
the C-terminal region of plant amylases but has homology 1. 1 ree-dimensional structure of soybeamylase

o e hooriing domal 1900760 " (SBA) shous that the enayme compriss (i core
9 y » ©Y 9 y a domain and a C-terminal loop regioig). Two maltose

and maltotetraose producingamylase §, 8). The X-ray molecules have been found to bind in tandem in the active

crystallographic and NMR analyses revealed two sugar- _. . ;

Y grap Y 93" sjte pocket of SBA occupying subsites2 and 3-4, where

" This work was supported in part by a Grant-in-Aid for Scientific WO catalytic residues, Glu 186 and Glu 380, are situated
Research from the Ministry of Education, Science, and Culture of Japan. between subsites 2 and B7). The open-close movement

* Atomic coordinates of the protein structures reported in this paper of the flexible loop (residues 96103 in SBA) was found to
have been deposited with the Protein Data Bank at Brookhaeven . . . . .
National Laboratories under file names 1B9Z and 1B90 for the maltose- p'aY an important 'jOIe in the catalytic step. These a”_“'”? acid
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p-amylase 19), in contrast to the plant enzymes which
contain several free sulfhydryl grouds.(One free sufhydryl

group of Cys 331 in BCB exhibits a common target site of

SH reagents with the plant enzymes8); Cys 91 in BCB
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final concentration of 50 mM and then the mixture centri-
fuged at 1000@ for 20 min.

Purification and Enzyme Propertiegi-Amylase was
purified from the supernatant of the cell extract by hydro-

forming the disulfide bridge exists near the flexible loop. phobic chromatography with Toyoperl and by CM-Sephadex
This flexible loop carries asparatic acid and valine residues ion-exchange chromatography as described previously for
which interact with glucose residues at subsites 1 and 4, the purification of the enzyme frol. cereusBQ 10-S1 Spo
respectively 17). The disulfide bridge of BCB (Cys 90 [l (18). Approximately 200 mg of purified enzyme was
Cys 99), however, has been thought to stabilize the flexible obtained fron 4 L of cell broth. The purified enzyme
loop (residues 9197) without affecting the openclose exhibited a specific activity 1.5-fold higher than the specific
movement {8). A precise comparison of the structure activity of that purified fromB. cereusBQ 10-S1 Spo llI
between BCB and SBA will elucidate not only the role of (18). The molecular weight was determined to be 58 300 by
the starch-binding domain but also the different catalytic MALDI-TOF mass spectrometry using sinapinic acid as a
properties that occur as a result of structural change in thematrix with a Voyager RP mass spectrometer (PerSeptive
core domain. Biosystems). The N- and C-terminal amino acid sequences

In this paper, we describe the structuresBfcereus ~ analyzed by Procise 492 and Procise C 494 sequencers
B-amylase and its complex with maltose. We found two (Applied Biosystem) were found to be AVNGK and XXW,
maltose-binding sites in addition to the active site, one in respectively, which were consistent with the reported cDNA

the starch-binding domain and the other in the core domain Sequence of BCBY). The calcium content was determined
32 A away from the catalytic site. by atomic absorption spectrometry with a Hitachi Z-8270

atomic absorption spectrometer.

Crystallization f-Amylase crystals were grown at 28
by the hanging-drop vapor-diffusion method employing 5
uL of a 10 mg/mL protein solution [0.1 M acetate buffer

Assay Methodj-Amylase activity was measured in 0.1  (pH 4.6)] mixed with 5uL of precipitant solution [18%
M phosphate buffer (pH 7.0) using 0.5% potato amylopectin PEG6000, 5% saturated (M2SQs, and 0.1 M acetate buffer
as a SUbStrate, aCCOfding to the modified Bernfeld method (pH 46)] Hexagona| or quadri|atera| p|ate Crysta|s appeared
(20), as described previoushi®). One unit of activity is in a few days and grew up to 1 mm 0.5 mmx 0.3 mm.
defined as the amount of the enzyme needed to prOdUCE 1These Crysta]s are monoc"niC, be]onging to space gmip
umol of maltose per minute. The amount of protein of the wjith the following cell dimensionsa = 57.70 A,b = 92.87
purified enzyme was determined by use of an absorption A ¢ = 65.93 A, =101.93, andz = 2.
coefficient Eyo,280nm Of 19.7 for BCB (18). SBA (isozyme Data Collection.The crystal used for data collection was
2) was prepared as described previougy)( the largest available and had approximate dimensions of 0.5

Expression of the BCB Gene in Escherichia c@bn- mm x 0.5 mmx 0.3 mm. The crystal data in the presence
struction of an expression plasmid for tBecereugs-amyl- or absence of 200 mM maltose were collected up to 2.0 and
ase DNA sequence encoding a matgramylase 7) was 2.4 A resolution, respectively. For heavy atom derivatives,
amplified by PCR using primers N '(ACCATGGCTG- the crystal data were collected around 9 A resolution
TAAATGGAAAAGGAATG-3") containing arNcd site and immediately after soaking in a heavy atom solution [2 mM
C (B-TTAAGCTTTTACCAACTACTTGTATGAGA-3) con- K2PtClL, 1 mM CHHgOH, and 5 mM Ag(UQ),, containing
taining aHindlIl site. PCR was conducted on the plasmid 200 mM maltose in the bottom solution]rfd h at 18°C.
containing the genebf with reagents supplied in a kit form  X-ray data were collected at room temperature using €uK
(Takara) with a DNA thermal cycler (Perkin-Elmer). APCR radiation ¢ = 1.5418 A) with a Siemens Hi-Star area
cycle consisted of denaturation at 95 for 30 s, annealing  detector coupled to MAC Science M18XHF rotating anode
at 50°C for 1 min, and extension at 7Z for 3 min. After generator.
25 cycles, the products were separated by electrophoresis Structure DeterminatioriThe structure was determined by
on a 1.2% (w/v) agarose gel and purified by using glass the multiple isomorphous replacement method using the
powder (Takara). The resultant 1.5 kb fragment was cut with Phase 97 program packa@?2). The derivative data sets were
Ncd andHindlll and inserted between thiécd andHindlll scaled by CMBISO. Heavy atom positions were determined
sites of expression vector pET21d (Novagen) to generateat 2.9 A resolution by difference Patterson and by difference
plasmid pEBBA. After the cDNA sequence in the pEBBA Fourier maps. The heavy atom parameters were refined at
was sequenced, the expression plasmid pEBBA was trans2.9 A by PHASIT (Table 1). The mean figure of merit was
formed intoE. coli strain HMS174 (DE3). Four hundred 0.57 for 11 957 reflections. Solvent flattening3{ imple-
milliliters of LB medium containing 20 mM Caglwas mented in Phase 97 was applied to the isomorphous
inoculated with 4 mL of overnight-grown cultures of replacement phase with an assumed solvent volume fraction
HMS174 (DE3) harboring pEBBA and cultured at 3C. of 55%. The finalR-factor and the figure of merit were 0.27
At an Agoo Of 0.8, the medium was cooled to P&, and and 0.82 for 11 951 reflections, respectively. The resultant
IPTG was added to a final concentration of 1 mM. After map was of a high enough quality to locate each amino acid
cultivation for 48 h at 18C, the induced cells were harvested residue by a graphic program of Turbo-Frodo (Biograph).
by centrifugation. The cells were suspended in the extraction The flexible loop and three maltose molecules, except for
buffer [50 mM sodium phosphate buffer (pH 7.0) containing that in the starch-binding domain, were clearly visible in this
1 mM EDTA and 100 mM NacCl] and disrupted by sonication map. Refinement of the protein model by simulated annealing
at 4°C. After sonicationf-mercaptoethanol was added to a and then positional an8-factor refinement, using X-PLOR

MATERIALS AND METHODS
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Table 1: Summary of Statistics for Heavy Atom Derivatives

site
derivative resolution (&) R-Cullis R-Kraut phasing power heavy atom x y z  occupancy B(A?) binding site
Acx(UOy) 31 0.593 0.106 1.60 u-1 0.129 0.000 0.197  0.612 73.30 D60, K140, E144
u-2 0.967 0.063 0.804  0.216 50.00 E32
U-3 0.311 0.402 0.256  0.202 50.00 E24
KoPtCl 2.9 0.700 0.131 111 Pt-1 0.723 0.045 0.825  0.887 80.00 M242, E238
Pt-2 0.200 0.376 0.922  0.423 80.00 M248
CHsHgOH 2.9 0.685 0.105 1.34 Hg-1 0.969 0.056 0.518  0.552 48.16 H512

Hg-2 0.675 0.383 0.294 0.791 80.00 (€339
Hg-3 0.069 0.038 0.807 0.638 80.00 C99
Hg-4 0.244 0.380 0.728 0.625 80.00 H463

Table 2: Statistics of Data Collection and Refinement of BOBaltose and BCB

space group P2, P2,
inhibitor maltose (200 mM) -
cell dimensions
a b, c(A) 58.16, 93.74, 66.66 57.70, 92.87, 65.93
S (deg) 102.44 101.95
data collection
no. of measured reflections 92118 59931
no. of unique reflectiongl| > 1ol) 39463 24292
Rsym (%) 4.6 7.3
completeness (%)
data to 2.5 A resolution 95.2 98.8
data to 2.0 A resolution 83.4 -
refinement
resolution range (A) 11:02.1 15.0-2.5
no. of reflections usedf| > 20F) 33365 (82.3%) 19491 (84.7%)
no. of residues/no. of waters 516/275 516/120
no. of maltoses 4 -
no. of calciums 1 1
no. of acetates 1 1
no. of sulfates 1 1
L3 loop 1 conformation closed open
averageB-factor (A2) 23.0 19.1
rms deviation
bond lengths (A) 0.015 0.013
bond angles (deg) 3.08 3.12
R-factor (%) 17.0 16.4
freeR (%) 22.1 24.7

version 3.1 24), has resulted in a findR of 0.215 for the

Phases 97 with 152.8 A resolution data (86% complete

data between 10.0 and 2.3 A resolution. Four maltose pairs).

molecules and visible water molecules having more than 4

on the|F,| — |F¢| map were then added to the model. Several RESULTS

cycles of positional and-factor refinements followed by . . . o

the model rebuilding were carried out at 2.1 A until no further ~ Quality of the Final ModelsThe final statistics for the

improvements were made to the model. The final model refipements of BCBmaItose and E’CB together with
b statistics for data collection are shown in Table 2. The BCB

consisted of 516 amino acid residues, four maltose molecules, ;
maltose model was built from the solvent-flattened MIR map

one calcium ion, one sulfate ion, one acetate ion, and 275 i . X
- I y and refined at 2.1 A resolution with dfactor of 17.0%.
water molecules with aR of 0.170 R = 0.221) for 33 365 The BCB model was also refined at 2.5 A resolution with

reflecﬂpns whenF g 20(F) between 11.0_and 2.1 A an R-factor of 16.4%. The final model of BCBmaltose
resolutlon. For the refinement of the crystal without maltose, contains 516 amino acid residues, 275 water molecules, four
the protein model of the BCBmaltose complex was used 51056 molecules at three different binding sites, one sulfate
for the initial model. After rigid-body refinement, the open ion, one acetate ion, and one calcium ion. The final model
flexible loop could be fitted into it§F,| — |F.| electron of BCB is the same, except for there being 120 water
density map. Rigid-body refinement, refinement by simulated pjecules and no maltose. These models have good geom-
annealing and then positional adfactor refinement, has  etries and absolute positional errors of 0.22 and 0.25 A,
resulted in a finaR of 0.186 for the data between 15.0 and respective|y, as estimated from Luzatti p|0%X Ram-

2.5 A resolution. The final model consists of 516 amino acid gchandran plots of the main chain conformation angles show
residues, one calcium ion, one sulfate ion, one acetate ion,that about 88% lie within the core region, with 100% lying
and 120 water molecules with &of 0.164 Rree = 0.247)  within the allowed region for both model2§, 27). The

for 19 491 reflections whefr > 20(F) between 15.0 and  averageB-factors for the protein and water atoms are 21.7
2.5 A resolution. For the identification of the calcium site, and 36.8 & and 18.7 and 29.7 Z&for BCB—maltose and

an anomalous difference Fourier map was calculated by BCB, respectively. The average-factor for the bound
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are common in both enzymes, there are several insertions
and deletions as shown in Figures 2 and 3A. BCB has L1
(the loop connectingl and al) which is three residues
shorter than SBA at residues 206. In the loop-helix—

loop motif of L3, this extra helix (L&) is shorter and
changed to a loop of residues 10912. One loop of seven
residues at the beginning of3 in SBA is omitted in BCB

at residue 133. Just after &4 one more helix of eight
residues and a successive loop of nine residues are inserted
in BCB at residue 213, and one loop of 10 residues found
in SBA is deleted in BCB at residue 237. These successive
insertion and deletion regions from residue 212 to 243 make
a hook-like structure which forms a novel maltose-binding
site (dotted box in Figure 2). Two residues are inserted in
L5 at residue 297, and two loops of five residues and one
loop of 11 residues in SBA are deleted at residue 311, just
beforeab, and residue 387 at the end @7, respectively.

In contrast to SBA, one calcium-binding site was found in
the region surrounded by L2 aruB (Figures 1 and 3A).
The presumed acetate-binding site was found in a small cleft
FiGure 1: Schematic representation Bf cereugg-amylase using ~ surrounded by L3 loop 2, L4 loop 1, L4 helix, ardt

the program Insightll. The helices and strands are shown in green(Figures 1 and 3A). One sulfate-binding site was also found
and red, respectively. The bound maltose (pink), calcium (cyan), at the beginning ofa8 in the interface of a symmetry
acetate (purple), and sulfate (blue) are shown as sphere mOdelsmoIecuIe (Figures 1 and 3A).

The helices in thefjo)g-barrel are numbered. Starch-Binding DomainThe C-terminal starch-binding
domain comprises 99 residues from residue 418 to 516, and

maltose molecules of BCBmaltose is 34.5 A There are . . .
four cis peptide bonds in the structures. These are betweerl> folded into two four-stranded antiparalfesheets fa and

Pro 187 and Ser 188, between Pro 341 and Glu 342, betwee bbin F:glli_re 2) w2hich dfgéms aE ei%ht-strandetd da?tipg(rggel
Arg 397 and Tyr 398, and between Pro 504 and Val 505. /'’ arrel (Figures 2 an ) as has been reported for ase

The first and third cis peptide positions are also conserved (29 and a se_parated starch-binding doma_ir_1 from gluco-
in the structure of SBAX). amylase 80). Figure 3B represents the €positions of the

. . starch-binding domain superimposed onto that from CGTase
Overall Structure of BCBBCB consists of two QOmams,' (domain E) 9). The secondary structure of the starch-binding
an N-terminal core, and a C-terminal starch-binding domain. 4o 4in in BCB is essentially the same as that of domain E

Figure 1 shows the ribbon diagram of the overall structure ;. ~GTase. The @ rms distance was 0.53 A for 80 common
of the BCB-maltose complex with calcium, acetate, and ¢, atoms within 2.4 A. Their structures were slightly

sulfate ions. The core domain hasftd)s supersecondary igerent at residues 461466 near maltose-binding site 1,

structure similar to t_hap of SBA .16).' However, BCB . and also at residues 453, 488, 493, 498, and 503 by one
pOSsesses a starch-binding domain |mmed|§1tely following regjgye insertion, and at 458 and 507 by one residue deletion
helix 8 (@8), whereas SBA has a long C-terminal loop. The ;. he BCB sequence (Figure 2). When the structure is

E'a rms distance between BCB and BERaltose was 0.'44 compared with the starch-binding domain from glucoamylase
for the 511 common Qx atoms except for the flexible (30), the Ceo. rms distance increases to 1.40 A for 65

loop region. In the flexible loop (residues-997), BCB has 5 1mon Ce atoms within 2.5 A, suggesting that the domain
an open loop conformation, whereas BEBaltose has a of BCB closely resembles domain E of CGTase.
closed loop conformation as reported for SBA and SBA The core domain interacts with the C-terminal domain at

maltose structuresly). the N-terminus,a7 anda8. There are seven interdomain
Figure 2 shows the sequence alignment between BCB anchydrogen bonds: two with the N-terminus [Ala 1:-NT'yr
SBA in the core region and that between the BCB C-terminal 454 O (2.8 A) and Gly 4 ©-GIn 457 N (2.8 A)], two with
domain and the starch-binding domains of CGTase (domaing7 [Glu 383 Oel::-Ser 448 Oy (3.1 A) and Asn 387
E) and glucoamylase. In the core region, BCB has an aminoQ-51---Ala 444 O (2.8 A)], and three witm8 [Lys 412
acid identity of 29% with respect to SBAL§), but the O---Arg 477 N2 (2.8 A), Asp 413 @-Arg 443 N41 (3.0
residues involved in catalysis and binding of the substrate &), and Asp 413 ®-Arg 443 N#2 (2.9 A)]. These
are highly conserved, as shown in the four boxes of Figure interactions support and fix the relative orientation of the
2. There are four deletion regions of more than five residues C-terminal domain to the core domain. In the SBA core
and one insertion of 16 residues in the BCB sequence. Instructure, eight N-terminal residues (residues1g), L7
the C-terminal starch-binding domain, BCB exhibits 31 and (residues 40%411), and the beginning (443147) and
22% amino acid residue identity with respect to CGT&3e ( ending (484-494) of the C-terminal loop occupy the position
and glucoamylasel(, 28), respectively. of the C-terminal domain of BCB (Figure 3A). BCB has a
Core Domain A comparison of the core domain between bent N-terminus (residues-1.1), and L7 is deleted to avoid
BCB and SBA shows a @-rms distance of 1.21 A with  an interdomain collision.
352 common residues within a distance of 2.4 A as shown Active Site in the Core Domainin the BCB-maltose
in Figure 3A. Though the main secondary structure elementscomplex, L3 loop 1 takes on a closed conformation and the
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1
[ 1| L2a,
B. cereus| AVNGKGMNPDYKAYLMAPLKKI---pEVTNWETFENDLRWAKQNGFYAITvnrwﬁénmzxnenqornrSYAQRFAQSV
* % %% *hk Rhw * *
soybean AcATSDSNMLLNYVPVYVMLPLGVVNVDNVFEDPDGLKEQLLQLRAAGVDGVMVDVWWGIIELKGPKQYDWRAYRSLEQLV
— |—B3— B, ~L3a, B B, | §—
B. cereus| KNAGMRMIPIIS QCGGNVGDDCNVPIPSWVWNQ-KSDDSLYFKSETGTVNKETLNPLASD ------- VIRKEYGELYT
* % % [% %k kkkk ki * Rhkk **h kk Rk * *
soybean QECGLTLQAIMS CGGNVGDIv7§pIpQWVLDIGEsnnnIFYTNRSGT%NKEYLTVGVDNEPIFHGRTAIEIYSDYMK
-, —p3— L3 200 o3~
150 -
| —Be Ldo— | . LTt T
B. cereus| AFAAAMKPYK--DVIAKIYLSGEPAGELRYPSYITSDGTGYPSRGKFQAYTEFAKSKFRLWVLNKNGSLNEVNKAWGTKL
* * * * (22X X222 2 ) * * * * Rk * * * * :
soybean SFRENMSDFLESGLIIDIEVGLEPAGELRYPSYPQSQGWEFPRIGEFQCYDKYLKADFKARVARAG = - rnTrnsiss-
- L34 . Ldg—"
...... Liremeereremenemenenenssokacaes ! joa | | —B5— |
B. cereus| ISELATLPPSDG——-————C- EQFLM--&GYLSMYGKDYLEWYQGILENHTKLIGELAHNAFDTTFQVPIGARIAGVHWQY
* * * Kk hhkd * K&k * % * * * * * *h *
soybean --HPEWELPDDAGKYNDVPESTGFFKSNBTYVTEFGKFFLTWYSNKLLNHGDQILDEANKAFLG—CKVKLAIKVSGIHWWY
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII a4 5
3q0 350
¥ Lsa. — o5 —P6 | o6 |
B. cereus| NNPTIPHGAEKPAGYN-————- DYSHLLDAFKSAKL TCLE DK-GSYPEYSMPKTLVQNIATLANEkG
* *% LE 2] * * * ke
soybean KVE--NHAAELTAGYYNLNDRDGYRPIARMLSRHHAT SEQPSDAKSGPQELVQQVLSGGWREDIRVAGENA
“L50~ ——o5— po6 e
400
F——”:ag?_—__ﬂ | —B8— 4 ——08——
B. cereus| IGNEEEYKRVAEMAFN-—————wu—u YNFSGFTLLRYQDVMYNNSLMGKFKDLLGV 417
* * *% * *
soybean RYDATAYNQIILNAKPQGVNNNGPPKLSMFGVTYLRLSDDLLQKSNFNIFKKFVLKMH 442
: o7 —— B8 o8
soybean  ADQDYCANPQRYNHAITPLKPSAPKIPIEVLLEATKPTLPFPWLPETDMKVDG 495
418 | Bat Bb1_‘1? [Bb2 Ba2 —Padl__  —[PBb3__ | Pbda
B. cereus VMQT—;;RNVPTTIGD NRAPLG KQYPIQ-LYYDS-HSN-DWRGNVVLPAERNIEFKAF IKSKDGTVRSWQTI ~
* *k k& *k *h * * * N *hkhtk * ** *
CGTase 591 FVVNNATTALGQNVYLTGSVSELGNWDPA—KAIGPMYNQVYYQYPNWYYDVSVPAGKTIEFKFLKKQ-GSTV—TWEGGS
L X 2] * % *k kk *x k& * € **k * * %%k * h% * * &
Gluco 557 ATTTYGENIYLVGSISQLGDWETS-DGIALSADKYTSSDPLWYVTVTLPAGESFEYKFIRIESDDSV~EWESDP
*PBb4b Pad__
B. cereus QOswNP 9? LKT —-SHTS§W 516
*
CGTase NHTF—TAPSSGTA—-TINVNWQP 686
** *
Gluco NREYTVPQACGTSTATVTDTWR 651

Ficure 2: Alignment of the BCB sequence with SBRS, 36) in the core region and that with CGTa® and glucoamylase2g) in the
C-terminal domain region. The residues of helices and strands are representeahdg, respectively. The helices and strands in an
(Blo)g-barrel and strands in a C-terminal domain are numbered. Four highly conserved regions in the core are boxed with a thick line, and
residues 211242 in BCB which form the second maltose-binding site are boxed with a dotted line.

two maltose molecules bind in tandem as has been reportedd-3---Wat 712:-Ala 369 O (3.1 and 2.9 A)], and Glc 4
for the structure of the SBAmaltose complexi(7), whereas [O-6+--Wat 678--Tyr 186 N (2.9 and 3.1 A)]. Two catalytic
that of free BCB takes on an open conformation. Figure 4A residues, Glu 172 and Glu 367, have the same configuration
shows the bound maltose molecules and the surroundingas those described for Glu 186 and Glu 380 in the SBA
amino acid residues interacting with the maltose, together maltose complex1(7). Glu 172 makes hydrogen bonds with
with those of SBA. The bound maltose position is almost O-5 of Glc 2, O-4 of Glc 3, and O-6 of Glc 3, whereas Glu
the same as that of the SBAnaltose complex at subsite 1 367 does the same with O-6 of Glc 2. In contrast to the
(Glc 1), but is slightly different at subsites-2 (Glc 2, Glc hydrogen bonds, many van der Waals contacts of Glc 4 with
3, and Glc 4). The data listed in Table 3 represent the Tyr 186, Leu 370, and Trp 293 were found (Table 3). One
interactions of protein atoms with the bound maltose remarkable difference between BCB and SBA was found
molecules in the BCBmaltose complex. There are seven, around subsite 4. BCB does not have the side chains which
six, and six direct hydrogen bonds between protein atoms correspond to GIn 194 and Trp 198 in SBA. In SBA, Trp
and OH groups of Glc 1, Glc 2, and Glc 3, respectively, but 198 makes a contact with Glc 4, ande®-of GIn 194 makes
only one hydrogen bond between OH-3 of Glc 4 and2N-  a hydrogen bond with O of Gly 97 on the closed flexible
of His 292 was found at subsite 4. Besides the direct loop. The position of the loop of residues 18084 in BCB
hydrogen bonds with protein atoms, six water-mediated differs by about 3.5 A from the corresponding loop in SBA.
hydrogen bonds were found at Glc 1 [©0-2Vat 620--Val This is because a loop between residues 235 and 245 in SBA
95 O (2.7 and 2.9 A), O-3-Wat 618:-GIn 90 O (2.8 and  which interacts and supports the 19499 loop in SBA is

2.9 A), and O-6-Wat 603:-Thr 47 O+ (3.1 and 3.1 A)], deleted in BCB. The lack of the Trp residue, together with
Glc 2 [0-3--Wat 620--Val 95 O (3.1 and 2.9 A) and the different side chain positions of Tyr 186 and Met 334,
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Ficure 3: Stereodiagram of superpositions obCatoms of BCB with those of SBA in the core (A) and with those of CGTase domain E
in the C-terminal domain (B). The superpositions were created with the RIGID program in Turbo-Frodo.

contributes to the altered positions of the bound maltose atend (Glc 6) toward L4 loop 2. This maltose-binding site is
subsites 3 and 4. about 32 A away from the catalytic site. The main chain
Figure 4B shows the conformational change induced by and side chain atoms involved in the binding of maltose are
the binding of maltose. The opewlose movement of the  shown in Figure 5 and are listed in Table 3)®f Ser 235
flexible loop carries Asp 97 and Val 95 by 5 and 13 A, makes two hydrogen bonds with O-2 and O-3 of Glc 5. The
respectively. The right-handed disulfide bridge between Cys main chain O of Leu 232 and Ala 230 also makes hy-
91 and Cys 99 did not change conformation in each structure,drogen bonds with O-4, and with both O-4 and O-6,
as predicted from the model of SBAS). In addition to respectively. In contrast to Glc 5, Glc 6 makes three possible
movement of the flexible loop, the side chains of Tyr 164, hydrogen bonds only with the side chain of GIn 239. There
Met 16, and Lys 287 flip by 34(y2), 52° (y1), and 76 (y1), is one water-mediated hydrogen bond with ©-®/at
respectively. The conformational change of Lys 287 is 699--GIn 239 N<2 (2.6 and 2.8 A) and Wat 699Asp 236
important in accommodating the hydroxyl moiety of C-6 of O (3.0 A). Glc 5 and Glc 6 make van der Waals contacts
the Glc 2 residue, and the movement in turn induces the with Trp 221, Leu 225, and Tyr 249, and with Phe 240 and
side chain change of Met 16 and Tyr 164. The main chain Tyr 249, respectively (Table 3). A comparison of the
atom positions of Thr 330 and Cys 331 are altered by 1.08 structures of BCB and BCBmaltose revealed that maltose
and 1.14 A, respectively, allowing the formation of hydrogen induced a side chain flip on GIn 239 by 149,) and on
bonds between @1 of Thr 330 and O-1 of Glc 2 (2.9 A),  Ser 235 by 119 () to form hydrogen bonds with each
between Oyl of Thr 330 and O-3 of Glc 3 (2.7 A), and  glucose residue.
between S of Cys 331 and O-2 of Glc 3 (3.6 A). Their Maltose-Binding Site in the C-Terminal Starch-Binding
side chains also flip by 65y1) and—96° (y1), respectively, Domain One maltose is found at the same maltose-binding
to make these hydrogen bonds. site (site 2) of the CGTaseamaltose complex9), but no
Maltose-Binding Sites in the Car®ne maltose-binding  maltose density was observed at site 1 of the CGFase
site was found in L4 loop 2, where the sequence alignment maltose complex under the experimental conditions described
shows an insertion of 16 residues and a deletion of 11 here (Figure 3B). The four residues of Trp 449 and Trp 495,
residues with respect to the SBA sequence (Figure 2). TheGlIn 499, and Lys 482 interact with the maltose. Two glucose
inserted loop at the end of the L4 helix makes a “hook” residues, Glc 7 and Glc 8, are stacked on each Trp residue
structure which prepares a cleft surrounded by L4 loop 2 and make four hydrogen bonds between Glc 7 O-2 and O-3
and by the beginning ofi4. The reducing end of maltose and Oe¢l of GIn 499 and between Glc 8 O-2 and O-3 and
(Glc 5) binds at the beginning af4, and the nonreducing  N-¢ of Lys 482, respectively (Figure 6 and Table 3). These
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Ficure 4: (A) Stereodiagram of the active site of BCB superimposed onto the SBA active site. The backbone structure is represented as
a ribbon where the open flexible loop is red. The bound maltose is yellow. The side chains of acidic, basic, hydrophobic, and aromatic
residues are red, blue, green, and purple, respectively. Corresponding residues in SBA are cyan. Water molecules related to the binding of
maltose are shown as pink circles. The hydrogen bonds are shown by broken lines. (B) Stereodiagram of the conformation change induced
by the binding of maltose. The backbone structure is represented as a ribbon where the open and closed flexible loops are red and blue,
respectively. Maltose and the moved residues in the B@BItose complex are yellow. Two catalytic residues in the B@ltose complex

are red. The corresponding residues in BCB are blue. The figure was drawn with GRASP (

features of the symmetrical binding sites for glucose are very between Glc 5 and Glc 6 are 8and —137°, and between
similar to those found in CGTase domain 8.(Figure 6 Glc 7 and Glc 8 are 103and—129, respectively. All four
also represents the corresponding binding site of CGTasemaltose molecules havgandy torsion angles in the low-
domain E with its Cet atoms superimposed onto that of the energy region of the isoenergy me&gi). The torsion angles
BCB C-terminal domain. Though GIn 499 is substituted for of the two maltose molecules in the active site are compa-
Asn 667 in CGTase, they share a highly conserved maltose-rable with those reported for the SBAnaltose complexip
binding site. In contrast to CGTase, we could not find any = 67° andy = —151° between Glc 1 and Glc 2 angl=
maltose density around the other maltose-binding site nearl12 andy = —113 between Glc 3 and Glc 417). The
Asn 627, Tyr 633, and Trp 636 in CGTase, which corre- B-anomer configurations were assigned in Glc 2, Glc 6, and
spond to Tyr 460, Asn 465, and Trp 467, respectively, in Glc 8, whereas an-anomer configuration gave precedence
BCB. The substitutions of Asn 627 and Tyr 633 in CGTase over afg-anomer in Glc 4.
for Tyr 460 and Asn 465 in BCB may cause the reduced  Calcium-, Acetate-, and Sulfate-Binding Sit®sie calcium-
level of binding of maltose to BCB. A significant con- pinding site was found in a cavity facing the other side of
formational change was also found between the loop of the active site and was surrounded by &3, and helix L3.
residues 466465 in BCB and that of residues 62836 in Ligands are provided from L2 (@2 of Glu 56, 062 of
CGTase. Asp 60, and Q1 of Gln 61), froma3 (O<1 of Glu 141
Conformation of the Bound Maltose Moleculésl the and Oe1 of Glu 144), and from a water (water 688) which
bound maltose molecules both in the active site and in the hydrogen bonds to both @t of Glu 56 and O of Glu 141.
two starch-binding sites are in tH€; pyranoid forms. The  Figure 7A shows the liganded side chains around the calcium
torsion angles defined as ©8C1-04'—-C4 (¢) and C1- ion. The six ligands are located 2:2.8 A from the calcium,
04 —-C4---C5 (y) between Glc 1 and Glc 2 are 2nd and make an approximate octahedron around it. This calcium
—145, between Glc 3 and Glc 4 are 10@nd —108, has the highest density in an anomalous difference Fourier
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Table 3: Interactions between Bound Sugar Atoms and Protein Atoms

hydrogen bond contefct hydrogen bond contefct
sugar atom  protein atom distance (A) sugar residue protein residue sugar atom protein atom distance (A) sugar residue protein residue
site 1 site 2
Glc10-2 Asp 97 &1 2.6 Glc 1 His 9 Glc50-2 Ser 235 - 3.2 Glc 5 Trp 221
Glc10-2 Wat618 0 3.1 Glc1 Leu 19 Glc 50-2 Wat 8650 2.7 Glc 5 Leu 225
Glc10-2 Wat6200 2.7 Glc 1 lle 85 Glc 5 0-3 Ser 2350- 3.3 Glc 5 Leu 232
Glc 1 0O-3 His 89 Ne2 2.8 Glc 1 His 89 Glc50-4 Ala2300 2.7 Glc5 Tyr 249
Glc10-3 Wat618 0 2.8 Glc 1 Ala 170 Glc 5 0-5 Tyr 2490- 3.3
Glc 1 0-4 Asp 49 052 2.8 Glc50-6 Ala2300 3.3
Glc 1 O-4 His 89 Ne2 3.1 Glc50-6 Leu232N 3.1
Glc 1 0-4 Wat690 O 3.0
Glc10-6 Asp49 &1 2.9 Glc 6 O-1 GIn239 @1 3.2 Glc 6 Phe 240
Glc 1 0-6 Arg 397 Ny2 2.9 Glc 6 O-2 GIn 239 @1 2.9 Glc 6 Tyr 249
Glc10-6 Wat603 O 3.1 Glc 6 O-2 GIn 239 & 3.2
Glc 6 O-3 Wat 699 O 2.6

Glc 2 O-1 Thr 330 Oy 2.9 Glc 2 Thr 330 Glc 6 O-5 Wat 770 O 2.9
Glc 2 0-1 Wat679 O 31 Glc 6 0-6 Wat770 0 3.2
Glc20-2 Ala3690 2.6 site 3
Glc20-2 Wat7120 3.2 Glc 7 O-2 GIn 499 Q- 2.6 Glc7 Trp 449
Glc20-3 Val950 3.2 Glc 7 O-3 GIn 499 et 3.1
Glc 2 0-3 Wat 6200 3.1
Glc 2 0-3 Wat7120 31 Glc 8 0-1 Wat827 0O 2.8 Glc 8 Trp 495
Glc 2 0-3 Wat677 O 2.8 Glc 8 0-2 Lys 482 N- 3.4
Glc 2 0-4 Wat6200 3.2 Glc 8 0-2 Wat 827 O 3.0
Glc2 0-5 Glu 172 G2 3.3 Glc 8 O-3 Lys 482 N- 2.8
Glc 2 0-5 Wat679 0 3.2
Glc 2 0-6 Lys 287 N¢ 3.0
Glc20-6 Glu 367 O2 3.1
Glc30-2 Gly 2900 2.9 Glc 3 Val 95
Glc30-2 Cys 3313 3.6 Glc 3 Tyr 178
Glc 3 0-3 Thr 330 Oy 2.7 Glc 3 Ala 289
Glc30-4 Glu172 Gl 2.7 Glc 3 Trp 293
Glc30-4 Glu172 Q2 2.6 Glc 3 Thr 330
Glc30-6 Glu172 C1 2.8
Glc30-6 Tyr178 Oy 3.2
Glc 30-6 Arg 174 Ny2 2.8
Glc 4 O-3 His 292 Ne2 2.9 Glc 4 95 Val
Glc 4 0O-6 Wat678 O 2.9 Glc4 Tyr 186

Glc 4 Trp 293

Glc 4 Leu 370

aC—C distance of<4.5 A.

Ficure 5: Stereodiagram of the second maltose-binding site in the core. The backbone structure is represented as a ribbon where the
insertion/deletion loop (residues 21242) is red. The bound maltose is orange. The side chains and parts of the main chain in the BCB
maltose complex are yellow. The side chain of Ser 235 and GIn 239 in BCB which change the conformations are blue. Water molecules
related to the binding of maltose are shown as pink circles. The hydrogen bonds are shown as broken lines. The figure was drawn with
GRASP 7).

map (Figure 7A). The number of bound calcium ions in BCB was <0.02 mol/mol of enzyme. This calcium-binding site
was also determined by atomic absorption spectrometry toseems to not be related to the calcium-binding sites found
be 1.2 mol/mol of enzyme, whereas that determined in SBA in a-amylase 82) and CGTase 29). Presumably, this
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Ficure 6: Stereodiagrams of the maltose-binding site in the C-terminal domain superimposed onto that of the CGTase E domain. The
backbone structures of BCB and CGTaSg 4re represented as green and blue ribbons, respectively. The bound maltose in the BCB
maltose complex is orange. The side chains involved in the binding of maltose in BCB and in CGTase are yellow and blue, respectively.
One maltose and residues 62936 that are blue in CGTase correspond to the vacant binding site in BCB (residued464606olored

yellow). The figures were drawn with GRASBT).

FiGUuRE 7: Stereodiagrams of the calcium-binding site (A) and acetate-binding site (B) which are superimposed onto the corresponding
sites of SBA. The structures of BCB and SBA are represented as thick and thin lines, respectively. The small labels denote the residues of
SBA. The map around the bound calcium represents the anomalous difference Fourier map contourealati@ted with 152.8 A

resolution data.

calcium ion is necessary for the stabilization of the confor- ion form hydrogen bonds with Asn 131 82 and 061,
mation of L2. In SBA, the side chain of Arg 148, which is respectively. O-1 of acetate forms additional hydrogen bonds
located on an inserted loop at the beginningdf occupies with GIn 193 O and with water 623 which hydrogen bonds
and stabilizes this negatively charged cavity instead of to O-y1 of Thr 196. The side of the methyl group of the
calcium (Figure 7A). acetate is surrounded by hydrophobic residues, and it makes
One acetate-binding site was found in a deep cavity van der Waals contacts with the side chains of Tyr 175, Tyr
surrounded by L3, L4, L4 loop 1, L4 helix, and}, as shown 257, and lle 260. Though the backbone structure of this
in Figure 7B. It is located at the connecting point between acetate-binding site is conserved in both BCB and SBA, the
the (B/a)s core and L4 hook-like structure of the second side chain of Leu 213 in SBA, which correspond to Ala 199
maltose-binding site (Figure 1). O-1 and O-2 of the acetate in BCB, occupies the acetate-binding site. In addition, the
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Ficure 8: Stereodiagrams of the substituted residues on the Glu 367 side superimposed onto the SBA structure. The backbone structures
of BCB are represented as a ribbon. The structures of BCB and SBA are represented as cyan and yellow lines, respectively. Two catalytic
residues of BCB, Glu 172 and Glu 367, are red. G1, G2, and G3 denote the binding glucose residues. The hydrogen bonds are shown by
broken lines.

substituted side chain of Asn 13Thr 136 in SBA also observed between Glc 2 and Glc 3 in the case of the BCB
seems to inhibit the binding of acetate to SBA (Figure 7B). maltose complex. These differences between the BCB
The role of the bound acetate thus seems to stabilize themaltose and SBAmaltose complexes may be ascribed to
connecting region. the different protonation states between Glu 367 in BCB and
One sulfate exists at the beginninga® on the interface  Glu 380 in SBA. BCB-maltose complex data were collected
connecting a symmetry molecule (Figure 1). Its oxygen atom at pH 4.6, whereas the structure of the SBAaltose
(O-1) hydrogen bonds to Asn 405 N andd¥; and also complex was determined at pH 5.47]. As the K, of Glu
Lys 427 N< of symmetry molecule 5. Since no direct 380 in SBA is estimated to be 3.27) and that of Glu 367
hydrogen bonds between the symmetry molecules werein BCB can be estimated to be around 5.5 from the—pH
observed except for Thr 26 @t---C-terminal O of sym- activity profile (7), Glu 367 in BCB seems to be protonated
metry molecule 5 and no crystal appeared without sulfate, but Glu 380 in SBA is completely deprotonated. Thus, the

this sulfate seems to stabilize the crystal packing. glucose residue at subsite 2 in the BE&Baltose complex
described here suggests the inactive form of which O-1
DISCUSSION cannot interact directly with @1 of Glu 367.
Positions of Maltose Molecules in the Agi Site In Different pH Optima between BCB and SBBCB has

BCB—maltose complex, the positions of maltose molecules properties different from those of SBA in terms of optimum
in the active site are slightly different from those reported pH and specific activity, though they have a similar catalytic
for the SBA—maltose complex except for Glc 1 (Figure 4A). core domain. BCB has an optimum pH at around 7.0 in
The positions of C-1 and O-5 of Glc 2 in the BEBaltose contrast to 5.4 in the case of SBA)( The 1.5 pH unit shift
complex are shifted toward the side chain of Glu 172 by 0.7 in the optimum pH suggests a change in tlig palues of

A from the corresponding positions reported for the SBA  the two catalytic residues, Glu 172 and Glu 367. As shown
maltose complex1(7). The distances between &-of Glu in Figure 4A, Glu 172 is located deep in the active site near
367 and O-1 of Glc 2 and between €-of Glu 380 and the scissile glycosidic bond. On the other hand, Glu 367 is
O-5 of Glc 2 in the BCB-maltose complex are 4.8 and 3.8 located on the side of the solvent, and near the OH-1 of the
A, respectively. Consequently, there are no hydrogen bondsp-anomer glucose residue at subsite 2. These two Glu side
which correspond to those betweeneD-of Glu 380 and chains act as an acid and base pair in the catalytic process
0-5 of Glc 2 and between @t of Glu 380 and O-1 of Glc  as described for Glu 186 and Glu 380 of SB26). The

2 found in the SBA-maltose complex1(7). Instead of the  residues around Glu 172 are well-conserveg-iamylase,
direct hydrogen bonds found in the SBAnaltose complex,  except for Ala 289 in BCB which is substituted with Ser
one water-mediated hydrogen bond was observed betweer297 in SBA. The side chain of Ala 289 makes van der Waals
0O-€1 of Glu 367 and O-1 of Glc 2 [Glc 2 O-1+Wat 679 contact with Oe2 of Glu 172 [Ala 289 C5-+-Glu 172 O€2
-Glu 367 O¢1 (2.9 and 2.7 A)]. The positions of Glc 3and (3.8 A)]. In contrast, there are three substituted residues that
Glc 4 are also shifted toward the side chain of Tyr 186 by exist around Glu 367 (Figure 8). These are Thr 47 (Met 51
abou 1 A sothat the distance between C-1 of Glc 2 and in SBA), Tyr 164 (Glu 178), and Thr 328 (Asn 340). The
C-4 of Glc 3 becomes 0.64 A longer than the corresponding side chain of Asn 340 in SBA forms a hydrogen bond with
distance found in the SBAmaltose complex1(7). In the Glu 380 [Asn 340 Né2::-Glu 380 O«€2 (3.1 A)], and the
SBA—maltose complex, some occupancy of Glc 2 by a side chain of Met 51 on SBA exists near Glu 380 within a
molecule ofo-maltose was observed, suggesting the forma- possible hydrogen bond [Met 51 &-+-Glu 380 O«€2 (3.7

tion of maltotetraose 1(7). No density, however, was A)]. In SBA, Glu 178 does not directly interact with Glu
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380 [Glu 178 Oel---Glu 380 O«€2 (4.9 A)], but it forms a
hydrogen bond with Asn 340 [Glu 178 &---Asn 340 Oé1
(3.0 A)], which in turn forms a hydrogen bond with €-of
Glu 380 [Asn 340 O81-:+Glu 380 O«¢2 (3.1 A)]. Glu 178

in SBA also makes a hydrogen bond with Asp 176 [Glu 178
O-€2:+:Asp 176 061 (2.6 A)] which in turn forms a
hydrogen bond with GIn 87 [Asp 176 @t---GIn 87 O<€1

Mikami et al.

binding site and the binding site on the C-terminal domain
in BCB are about 14 and 12 A from the second binding site
of CGTase domain E and the maltose-binding site of domain
D (9), respectively. In addition, the C-terminal starch-binding

domain of BCB corresponds to domain C of pancreatic
o-amylase. It is noted that the same topology of starch-
binding sites exists for both BCB and CGTase, though the

(3.1 A)]. This hydrogen bond network, including Glu 380, domain structures of their starch-binding sites are completely
Met 51, Asn 340, Glu 178, Asp 176, and GIn 87, is not different. This may suggest the importance of topology of
present in the BCB structure, suggesting that Glu 380 in SBA the starch-binding site relative to the topology of the active

has a lower [, than Glu 367 in BCB by stabilizing the
negatively charged form of Glu 380. The substitution of Ala

site for efficient digestion of the raw starch granules.

289 in BCB with Ser 297 in SBA also acts to increase the ACKNOWLEDGMENT

pK, of Glu 178 by increasing the local dielectric constant.

On the Glu 367 side, the Thr-Tyr-Thr-Lys-lle and Met-
Glu-Asn-Asp-Glu pentads are conserved in the bacterial and
plant type g-amylases, respectively, except for lle in the
bacterial enzyme1). On the Glu 172 side, Ala 289 is
partially conserved in some bacterial enzyme, though others
have Ser at the corresponding residui6)(In the mutation
study of barleys-amylase, the mutation of Ser 295 which
correspond to Ala 289 in BCB to Ala increased the
thermostability of the enzyme but seems to have little effect
on the pH profile 83). Ser 295 in barley-amylase is also
responsible for the tight binding of Glc to subsite 3
Thus, the side chains of Thr 47, Tyr 164, Thr 328, Lys 162,
and lle 83 are possible candidates for mutations that could
control the optimum pH of BCB.

Strategy of Raw Starch Digestion by Bactefiahmylase
A comparison of the structures of BCB and SBA clearly
demonstrated that BCB has an extra two maltose-binding
sites which give the enzymes the ability to absorb and digest

raw starch granules. These maltose-binding sites are located

on the same side of the substrate-binding site abott332

A from the catalytic site and about 58 A from each other
(Figure 1). One maltose-binding site is in the core L4 region
which forms a hook-like structure. The other is in the

C-terminal starch-binding domain and shares the same starch-

binding site as that found in CGTas®) @nd glucoamylase
(12). In the starch-binding domains of CGTase and glu-
coamylase, two sugar-binding sites have been identified. The
vacant second binding site in the BCB C-terminal domain
suggests a reduced binding affinity due to substituted amino
acids between 460 and 465. This C-terminal raw starch-
binding domain also exists in someamylases, including
maltotetraose-producing-amylase %, 8). The Greek key
structure of domain C in pancreatic and bactesi@mylase
also seems to play a role in raw starch binding. In contrast
to the C-terminal raw starch-binding domain, the second
maltose-binding site of BCB does not have any similarity
to the sugar-binding site described for other amylases. This
binding site is conserved only in bacterjalamylase %).

The region of insertion and deletion around residues211
242 in BCB suggests that plapgtamylase may have lost
the structure during evolution.

To compare the topology of the starch-binding sites
relative to the active site with that found in other amylases,
the (Bla)s-barrel of BCB was superimposed onto those of
other amylases exhibiting raw starch digestion. The super-
position of the f/a)s-barrel between BCB and CGTase
shows an rms distance of 1.65 A for 131 common @toms
within 2.5 A. In this superposition, the second maltose-

Computation time was provided by the Supercomputer
Laboratory, Institute for Chemical Research, Kyoto Univer-

Sity.
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