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ABSTRACT. The optimum pH ofBacillus cereugs-amylase (BCB, pH 6.7) differs from that of soybean
p-amylase (SBA, pH 5.4) due to the substitution of a few amino acid residues near the catalytic base
residue (Glu 380 in SBA and Glu 367 in BCB). To explore the mechanism for controlling the optimum
pH of g-amylase, five mutants of BCB (Y164E, Y164F, Y164H, Y164Q, and Y164Q/T47M/Y164E/
T328N) were constructed and characterized with respect to enzymatic properties and X-ray structural
crystal analysis. The optimum pH of the four single mutants shifted to 4.2 ~2 pH units and~1 pH

unit lower than those of BCB and SBA, respectively, and thgivalues decreased to 4B8% of that of

the wild-type enzyme. The X-ray crystal analysis of the enzymaltose complexes showed that Glu

367 of the wild type is surrounded by two water molecules (W1 and W2) that are not found in SBA. W1
is hydrogen-bonded to both side chains of Glu 367 and Tyr 164. The mutation of Tyr 164 to Glu and Phe
resulted in the disruption of the hydrogen bond between Tyr 164 W1 and the introduction of two
additional water molecules near position 164. In contrast, the triple mutant of BCB with a slightly decreased
pH optimum at pH 6.0 has no water molecules (W1 and W2) around Glu 367. These results suggested
that a water-mediated hydrogen bond network (Glu-88V1---Tyr 164---Thr 328) is the primary requisite

for the increased pH optimum of wild-type BCB. This strategy is completely different from that of SBA,

in which a hydrogen bond network (Glu 380rhr 340--Glu 178) reduces the optimum pH in a
hydrophobic environment.

p-Amylase (-1,4-glucan maltohydrolase, EC 3.2.1.2)
catalyzes the liberation gf-anomeric maltose from the
nonreducing ends of starch and glycoggrAmylase has
been classified into family 14 of 93 glycoside hydrolase
families [last updated February 19, 200%, @)], and is
present in higher plants and some bacte3jal]. The three-
dimensional structures gf-amylase fromBacillus cereus
[BCB?! (5, 6)], soybean [SBAT, 8)], barley @), and sweet
potato (L0) have already been determined. All of the
previously determined structures@amylase exhibit a well-
conserved active center in a cleft of the/f)s-barrel, FicuRe 1. (A) X-ray crystal structure of the SBAmaltose complex
although the exact barrel structure is different between (PDB entry 1Q6C, yellow). (B) X-ray crystal structure of the BEB
hgher-plant and bacterighamylase (Figure 1) Siucural - Pglost CTRECRB Sy U o), The v e
analysis of the3-amylase-maltose complex indicated that : y
Glu 186 (Glu 172) and Glu 380 (Glu 367) in SBA (BCB) 9°nerated using MOLSCRIPBY and Raster3D33).
play important roles in the enzymatic reaction as a general
acid catalyst and a general base catalyst, respectigety (
7). This finding is supported by the results of site-directed

mutagenesisl(l), affinity labeling L2, 13), and the chemical
rescue of the hydrolytic activity of the E367A mutant by
azide (4). In terms of the different properties in the bacterial

T This work was supported, in part, by the National Project on Protein and hl_gher-planﬂ-amylases, I has been.reported .that only
Structural and Functional Analysis from the Ministry of Education, bacterialf-amylases have the ability to bind and digest raw
Culture, Sports, Science and Technology to B.M. and S.U. starch granules16—18), which is mainly ascribed to the

*The atomic coordinates of the protein structure reported in this C-terminal starch-binding domain of bacterial enzymes and
paper have been deposited in the Research Collaboratory for Structural e - . : .
Bioinformatics (RCSB) as entries 1VEM for BCB, 1VEN for Y164E, additionally to the starch-binding sites of the catalytic domain

1VEO for Y164F, and 1VEP for T47M/Y164E/T328N. (Figure 1B). In addition to the raw starch digestive ability,
* To whom correspondence should be addressed. Telephone: 81-differences were also found in the optimum pH, the specific
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~5.0-6.0. In a previous structural analysis of three mutants were expressed i&. coli strain HMS174 (DE3) harboring
[M51T, E178Y, and N340T in SBA20)], we demonstrated  pEMutants. The cells were grown in TB medium without
that a hydrogen bond network between the base catalyst (Glupotassium phosphate buffer at 3T until the time of
380) and adjacent side chains causes the lower pH optimuminduction Psoo = 0.8) and cultured at 18C for 24 h. Protein

of SBA. The three residues around the base catalyst, Metexpressions were induced by addition of isoprofyi—)-

51, Glu 178, and Asn 340 in SBA and Thr 47, Tyr 164, and thiogalactopyranoside to a final concentration of 1.0 mM in
Thr 328 in BCB, are conserved in higher-plant and bacterial E. coli strain HMS174 (DE3). The harvested cells were
p-amylase, respectively. It has been suggested that thissuspended in 50 mM sodium phosphate buffer (pH 7.0)

difference in architecture around the base catalyst betweencontaining 1 mM EDTA and 20 m\-mercaptoethanol, and

SBA and BCB contributes to the difference in the pH
optimum of the respective enzymes. Therefore, it is hypoth-

disrupted by sonication atC. The purification and activity
assays of the BCB mutants were performed as described

esized that the three residues in BCB regulate the higher pHpreviously §).

optimum of BCB. To explore the mechanism for controlling
the higher pH optimum of BCB, we focused on Tyr 164
and constructed four single mutants (Y164F, Y164E, Y164H,
and Y164Q) having properties consistent with nonpolarity,
negative charge, positive charge, and one triple mutant
(T47M/Y164E/T328N), respectively.

MATERIALS AND METHODS

Construction of Mutant BCB Gendsive mutants (Y164E,
Y164F, Y164H, Y164Q, and T47M/Y164E/T328N) were

generated using a QuikChange XL Site-Directed Mutagenesis

Kit (Stratagene, La Jolla, CA) following the manufacturer’s
protocol. The PCR was performed in a total reaction volume
of 50 uL containing 2.5 units of PfuTurbo DNA polymerase,
10x buffer, 200uM dNTP, two synthesized mutagenesis
primers (100 ng/mL each), and 5 pt/pBBCB as a template
(pBluscript plasmid vector including the BCB gene). The
two mutagenesis primers are complementary to opposite
strands of the pBBCB (F and R denote the upstream and
downstream primers, respectively): T47M-FTHATGC-
TATTATGGTTGATTTTTG-3; T47M-R, 5-CAAAAAT-
CAACCATAATAGCATAA-3"; Y164E-F, B-TGTAATTG-
CAAAAATAGAATTATCTGGAGGACCAG-3'; Y164E-R,
5-CTGGTCCTCCAGATAATTCTATTTTTGCAATTACA-

3; Y164F-F, 5 TGTAATTGCAAAAATATTCTTATCTG-
GAGGACCAG-3; Y164F-R, -CTGGTCCTCCAGATAA-
GAATATTTTTGCAATTACA-3'; Y164H-F, B-TGTAATT-
GCAAAAATACATTTATCTGGAGGACCAG-3'; Y164H-

R, 5-CTGGTCCTCCAGATAAATGTATTTTTGCAATT-
ACA-3'; Y164Q-F, B3-TGTAATTGCAAAAATACAAT-
TATCTGGAGGACCAG-3; Y164Q-R, 3-CTGGTCCTC-
CAGATAATTGTATTTTTGCAATTACA-3'; T328N-F, 5-
CAAAGCTAGATGTAAATTTTACTTGCTTAG-3'; and
T328N-R, 3-CTAAGCAAGTAAAATTTACATCTAGC-
TTTG-3.

The mutagenesis primers were extended using a thermal
cycler (model 2400, Perkin-Elmer Life Sciences) for the PCR
(14 cycles of denaturation for 30 s at 95, annealing for 1
min at 57°C, and elongation for 7 min at 6&). The PCR
products were treated with 5 units Dpnl at 37°C for 1 h
to digest the parental pBBCB template. The resultant vectors
were transfected int&scherichia coliXL1-Blue supercom-

Enzyme Kinetics and pH Dependence SAmylase
Activity. The values ofk.s and Ky, for both BCB and its
mutants were measured using potato amylopectin as a
substrate Z1). The concentrations of substrate were varied
from Y/, of to 5 times theK,, value. In contrast to SBA, the
activity—substrate concentration profile of BCB showed a
cooperativity, and it was analyzed well by a Hill equation

(eq 1) €2

0= Vi [SIK" + [S]" (1)
wherev is the initial rate n is a qualitative indication of the
level of cooperativity,K is the substrate concentration at
which the velocity is half-maximal, andyaxis the maximum
velocity. Calculations o¥max andKy, were performed with
KaleidaGraph (Synergy Software). The substrate concentra-
tions used for the determination kf; values are from 0 to
~3 times higher than thi€,, values of the individual mutants.
The Hill coefficient, n, was determined to be .0,
indicating no significant difference among the mutants. The
cooperativity found only in the BCB reaction is thought to
be caused by the extra maltose binding sites of B&)B (
The pH dependences of they activity of BCB and its
mutants on potato amylopectin were determined &tGih
0.05 M Britton-Robinson buffer or 0.025 M succinate buffer
at pH 3.0-9.0. The ionic strength of the buffer solution at
each pH was adjusted to 0.1 with NaCl. The apparéqt p
and p¥; values were calculated from the pii;4 profile with
the KaleidaGraph nonlinear curve-fitting program using eq
2 (23):

(kcat)obs: (kcat)ma>!(1 + [H]/ Kl + Kz/[H]) (2)

where Keadobs aNd Keadmax @re the maximum velocity (units
M~ s 1) at each pH and pH-independent activity, respec-
tively, [H] is the concentration of hydrogen ion, akd and
I, are dissociation constants of assumed catalytic groups of
the enzyme-substrate complex. To reduce the uncertainty,
we have limited the analysis of the kinetic parameter only
for the changes in optimum pH and the dissociation constants
of the assumed catalytic groups of the enzyisebstrate
complexes.

Crystallization and Data CollectionOn the basis of the

petent cells (Stratagene) using heat shock. The mutant DNAcrystallization condition in a previous repoB){ crystalliza-

sequences were confirmed with a DNA sequencer.

Preparation of Mutant Proteing-or the construction of
expression plasmids iB. coli, fragments from each of the
five mutant genes were cut witkbad and Hindlll, and
inserted between th¥ba and Hindlll sites of expression
vector pET21d (Novagen) to generate pEMutants. Mutants

tion of the wild type and T47M/Y164E/T328N were
performed at 18C by the hanging drop vapor diffusion
method, i.e., by mixing &L of a 15 mg/mL protein solution
in 0.05 M sodium acetate buffer with:8 of a mother liquid

of 15% PEG6000, containing 5% saturated ¢80, and
0.1 M phosphate buffer (pH 6.5). The crystallizations of
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Table 1: Data Collection and Refinement Statistics of BCB Mutants

wild type Y164E Y164F T47M/Y164E/T328N
pH 6.5 4.6 4.6 6.5
space group P2, P2, P2, P2,
[maltose] (mM) 300 100 100 100
cell dimensions, b, ¢ (A) 57.6,92.8,65.8 57.5,92.9, 66.0 57.2,92.2,65.7 57.5,92.7,65.8
S (deg) 102.4 102.4 102.2 102.4

resolution range (A)

27.931.72 (1.78-1.72)

Data Collection
30.49-1.87 (1.94-1.87)

29.24-1.88 (1.95-1.88)

35.711.84 (1.96-1.84)

no. of measured reflections 128372 (3995) 105686 (2257) 106234 (3114) 128668 (4166)
no. of unique reflections 63534 (3193) 48233 (1912) 49471 (2670) 53224 (2158)
Rsym (%) 4.2 (36.2) 8.8 (51.2) 9.1 (56.3) 8.9 (49.3)
completeness (%) 88.9 (44.8) 87.2 (34.6) 91.5 (50.0) 90.1 (36.7)
Refinement
resolution range (A) 151.85 (1.92-1.85) 15-2.02 (2.09-2.02) 15-2.12 (2.26-2.12) 15-2.06 (2.13-2.06)
no. of reflections §(F) > 0] 49853 (3806) 37221 (2690) 33850 (2884) 36666 (3071)
no. of residues/waters 516/283 516/262 516/240 516/271
no. of maltoses (glucose) - 4 3(1) 3(1)
no. of calciums 1 1 1 1
flexible loop (residues 9299)  closed closed closed closed
maltose-occupied sites —2to—1,+1to+2 —2to—-1p —2to—-1p —2to—14,+1to+2
alternate residues 32833 16, 329-333 16, 330, 396 329333
averageB-factor (A2) 25.2 24.7 24.8 25.3
rmsd for bond lengths (A) 0.005 0.006 0.006 0.006
rmsd for bond angles (deg) 1.26 1.25 1.27 1.27
Riree (%) 20.5(29.2) 22.5(35.5) 21.6 (33.4) 22.7 (36.9)
R-factor (%) 17.7 (27.8) 18.7 (32.4) 18.1(31.0) 18.4(33.3)
@ The values in parentheses are those of the highest-resolution shell.
Table 2: Kinetic Parameters an&KpValues for the Hydrolysis of Potato Amylopectin
kinetic parameters apparerpvalues

optimum pH appareriy, (mg/mL) Keat (S71) % of wild-type value ;€1 pK2
wild type 6.7 0.73£ 0.02 2739+ 17.7 100 5.04t 0.10 8.53+0.11
Y164E 4.6 1.24+0.05 1129+ 7.25 41 3.30£ 0.05 5.92+ 0.04
Y164F 4.8 0.92+ 0.08 988+ 24.55 36 3.56+ 0.09 5.89+ 0.06
Y164Q 4.2 1.22+0.10 453+ 15.78 17 3.18t 0.07 5.32+ 0.05
Y164H 4.8 2.63+ 0.21 92+ 4.12 3 4.13+ 0.04 5.64+ 0.05
T47M/Y164E/T328N 6.0 0.4% 0.07 325+ 12.2 12 4.23+0.09 7.98+ 0.09
SBA 5.4 1.90+ 0.02 1280+ 3.55 a7 3.65-0.11 8.07+0.08

Y164E and Y164F were performed under the same condi- were utilized as the initial model. The refinement program
tions but using 0.1 M sodium acetate buffer (pH 4.6) in place CNS @4) and the graphics program TURBO-FRODO
of the phosphate buffer. The drops were left to equilibrate (Architecture et Fonction des Maclomoldes Biologiques-
against 1 mL for 3 days, and then microseeding was CNRS, Paris, France) were used to refine and rebuild the
performed using BCB crystals. Crystals appeared within 6 BCB and the mutant models. Thé&2— F. andF, — F¢
h of seeding and grew for 1 week. The wild-type and mutant maps were used to locate the correct models. Several rounds
BCB crystals used for data collection were approximately 1 of minimization andB-factor refinement, followed by manual
mm x 0.5 mmx 0.5 mm in size. These crystals were all model building, were carried out to improve the model. The
monoclinic and belonged to space gro®2;; the cell structures were refined against all reflections from 15.0 A
dimensions are given in Table 2. The wild type was soaked to the highest resolution available without amfF) cutoff
in the mother liquid containing 300 mM maltose for 30 min (see Table 2). Th&e values of the wild type and BCB
at 20°C. In contrast, mutant crystals were cocrystallized with mutants were calculated for a randomly separated 10% of
100 mM maltose. These resulting crystals were mounted in the data. The number of water molecules incorporated and
thin-walled glass capillaries sealed with wax after addition the final refinement parameters are also given in Table 1.
of a small amount of mother liquor to one side. We avoided The stereo quality of the model was assessed using
crystal freezing to prevent unexpected changes, such as #ROCHECK 5). The molecular structures of BCB, the
shift in pH. X-ray data of the wild-type and BCB mutant mutants, and SBA were superimposed using a fitting program
crystals were collected up to 1.72.88 A re's&olution atroom implemented in TURBO-FRODO.
temperature using Cud<radiation (1.5418 A) with a Bruker
Hi—SFiar area detegctor coupled to(a MAC S)cience M18xHF RESULTS AND DISCUSSION
rotating anode generator, and the diffraction images were Effect of pH on Wild-Type and MutafitAmylase Actiity.
processed with the SADIE and SAINT software packages In this study, five mutants were all shown to have a decreased
(Bruker). pH optimum, as shown in Figure 2. Table 2 shows the kinetic
Phasing and Refinemerithe refined coordinates of BCB  pK, values estimated from the ptactivity profile andkgy
complexed with maltose (Protein Data Bank entry 1B9Z) andK, for hydrolysis of potato amylopectin at 3T at each
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120 mutants (Y164E and Y164F), and one triple mutant (T47M/
Y164E/T328N) complexed with maltose at 1-8512 A
resolution. The X-ray data collection and refinement statistics
are summarized in Table 1. The crystallographic models for
the wild type and for the Y164E, Y164F, and T47M/Y164E/
T328N mutants were each refined Refactors of <18.7%
and toRyee Values 0f<22.7%. From the Luzzati plot26),
the mean absolute positional errors were estimated to be
0.21-0.25 A. A Ramachandran plot of the main chain
conformation angles2{) showed that 86:988.4% of the
residues lie within the core region, and 9910% lie within
the allowed region. With the exception of a short disordered
main chain region (329333) over the active site cleft, no
significant changes occurred in the backbone structure
between the wild-type enzyme and mutants. The root-mean-
10 square (rms) deviations between the wild-type and mutant
structures, calculated for all,Gatoms, were less than 0.19
FIGURE 2: pH-dependent activity profiles of BCHEJ, SBA (@), A. The flexible loop (residues 9299), which plays an
&gjg lg)és{llg‘)l.FTﬁz)'Iigéfiﬁoéc%hgﬁgﬁg C(ﬁz\'/eag? trT :7BMC/B, important role in the catalytic step, was in the closed form
SBA, Y164 mutants, and triple mutant as calculated using eq 2. (Table 1). The &, — F. maps of the active site and the bound
maltose were sufficiently clear to provide a reliable inter-
optimum pH of the wild-type and mutant BCB together with pretation of the structural changes in the mutants with the
SBA. The pH optima of Y164E, Y164F, Y164H, and Y164Q exception of the glucose residue at té site of Y164E
were dramatically shifted from the neutral region (pH 6.7) and Y164F.
to the acidic region (pH 4.6, 4.8, 4.8, and 4.2, respectively)  Structure of the Wild TypeMaltose ComplexFigure 3
and were lower than that of SBA (pH 5.4). The shapes of shows the electron density map of the residues around Glu
their pH-dependent activity profiles were simple bell-shaped 367 and the two bound maltose molecules in wild-type BCB.
curves, and narrower than that of the wild type. The Y164E, The conformation of the glucose residue at subsitein
Y164F, and Y164Q mutants exhibited decreased activities, this structure of the wild typemaltose complex determined
with decreasedt., values of 41, 36, and 17% of that of the at pH 6.5 is slightly different from that determined at pH
wild-type enzyme, and increased appatent/alues of 1.24, 4.6, as reported previoushp), This data set of the wild
0.92, and 1.22 mg/mL, respectively, which are-1137 times type—maltose complex could be refined by two maltose
higher than that of the wild-type enzyme (Table 2). Khg molecules at subsites2 to —1 and+1 to +2, respectively,
andK, values of Y164H were less than 3% of and 3.6 times with a distorted sugar ring almost assuming the boat form
higher than those of the wild-type enzyme, respectively. The with unknown anomer type at subsitel. This conformation
pH-dependent activityk{) profiles are explained by the two  of the glucose residue at subsitel is almost the same as
kinetic pK, values, [K; and K. The K; and [K; values of that of the wild-type SBA-maltose complex 20). It is
all mutants were-3.18-4.13 and~5.32-5.92, respectively,  suggested that the ratio €, and the distorted glucose
values which were lower than those of the wild-type enzyme residue at subsite-1 depends on pH and that the distorted
(5.04 and 8.53, respectively). The decreased differenceform becomes predominant at the optimum pH as reported
between K; and K, values reflects the narrow bell-shaped for the SBA-maltose complex20). The side chain of Glu
curve of all mutants. Despite the type of the mutated amino 367 forms two direct hydrogen bonds with the side chains
acid residues (Glu, Gln, Phe, and His), the pH optimum of of Lys 287 and a glucose residue at subsite[2.9 A for
the four single mutants decreased toward the acidic region,the Glu 367 @2---Lys 287 N distance and 2.6 A for the
suggesting that the shift in the pH optimum is not caused Glu 367 G:-1-:-glucose {-1) O6 distance], as is the case of
by the electrostatic interaction between the catalytic residuesthe wild-type SBA-maltose complex (20). In contrast to Glu
and the mutated side chains at position 164. In contrast to380 of the SBA-maltose complex, which forms one direct
the single mutants, the triple mutant (T47M/Y164E/T328N) hydrogen bond with Asn 380, two water-mediated hydrogen
had an optimum pH around pH 6.0, exhibiting broad bell- bonds were identified at the side chain of Glu 367 of BCB
shaped curves as in the case of the wild type. Thus, the[Glu 367 Qe2:--W1---Tyr 164 Oy (2.4 and 2.8 A) and Glu
difference betweenl, and X, values of the triple mutant 367 Qe2:-*W2:--Thr 47 Oy1 (3.1 and 3.3 A)] (Table 3). The
was compatible with that of the wild type, and this difference hydrogen bond involving W1 forms a network with a
was smaller than those for the other mutants (Table 2). hydrogen bond between Tyr 164;@nd Thr 328 @1 (2.5
Kinetic analysis of the triple mutant showed thatdtgvalue A). Thus, the three water-mediated hydrogen bonds seem to
was 12% lower and it&, value (0.47 mg/mL) was slightly ~ be responsible for the optimum pH of BCB being higher
lower than that of the wild-type enzyme. It should be noted than that of SBA.

100 -

Relative kcat (%)

40 1

20

that both changes inka and K, contribute to the shift in Structure of the Y164 MutantMaltose Complexes$n the
the pH optimum of BCB mutants, in contrast to the changes case of the structure of Y164F (Figure 4A), the aromatic
in only pK; found in the mutants of SBA2(). ring of Phe 164 could be flipped by rotating tlagtorsion

Structural AnalysisTo investigate the structural changes angles approximately79.5. Two hydrogen bonds [Tyr 164
required for the shifted pH optimum in BCB mutants, we Og---Thr 328 /1 (2.5 A) and Thr 47 @1---W2 (3.3 A)]
determined the crystal structures of the wild type, two single (Table 3) found in the wild type were disrupted. Two novel
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Ficure 3: (A) Stereoviews of the structural conformation around Glu 367 of BCB (cyan) complexed with maltose. The electron density
map (green, B, — F., contoured at 14) of the residues around the base catalyst and maltose are illustrated. (B) Stereodiagrams of the
structural conformations around the base catalytic residue Glu 380 of SBA (yellow) complexed with maltose superimposed on the BCB
(cyan) structure. The hydrogen bonds are represented by dotted lines. W1 and W2 denote water molecules This figure was generated using

BOBSCRIPT 85), MOLSCRIPT @3), and Raster3D34).

Table 3: Proteir-Protein and ProteiSugar Distances at the
Active Site of Wild-Type and Mutant BCB

distance (A)

protein (sugar) T47TM/Y164E/

protein atom atom wild type Y164F Y164E T328N
Thr47 01 W20 3.3 3.7 4.2 -
Lys 162 Nt Glu 164 G2 - - 2.9 3.2
Tyr164 Oy Thr3280O/1 25 — - -
Tyr164Q; W10 28 - - -
Glu 164 &1 Asn 328 N2 - — - 3.2
Lys 287 Nt Glu 367 G2 2.9 3.0 34 3.2
Lys 287 Nt W20 2.8 2.6 2.6 -
Thr328 /1 W3 O - 3.1 2.7 -
Glu367CG1 CWO - 2.9 3.0 33
Glu 367 G2 W10 24 2.3 2.8 -
Glu 367 G2 W20 3.1 2.7 2.4 -
W10 W2 O 2.8 2.8 2.6 -
W10 W3 O - 2.8 2.8 -
W10 W4 O - 3.3 2.6 -
W30 W4 O - 33 3.4 -
Lys 287 Nt Glc —1 06 2.8 2.9 2.8 3.0
Glu 367 &1 Glc—1 06 2.6 3.3 3.3 3.2
Glu 367 @1 Glc—101 31 - - -
CWO Glc—-101 - 2.7 3.0 3.0

aW indicates a water molecule. CW indicates a catalytic water
molecule.

to a high temperature factor of this glucose unit. The glucose
residue at subsite-1 in Y164F took af-anomeric“C,
conformation. Compared with that of the wild type, O1 of
the glucose residue at subsitd in Y164F was shifted by
2.7 A in the direction of the glucose residue at subsife
One water molecule was assigned as the catalytic water
molecule, and it was found to be in almost the same position
as that of O1 of the distorted glucose residue at subsite

in the wild-type BCB-maltose complex. Glu 367 in Y164F
was perturbed and destabilized by the disruption of the water-
mediated hydrogen bond (Glu 36V1:--Tyr 164). This
may be ascribed to the decreaded value compared with
that of the wild type.

In the case of the structure of Y164E (Figure 4B), the
substituted side chain of Glu 164 creates a hydrogen bond
with Lys 162 at a distance of 2.9 A (Table 3). Two novel
water molecules (W3 and W4) occupied the same position
of Y164F. W3 and W4 formed hydrogen bonds with W1
(2.8 and 2.9 A, respectively). The binding mode of maltose
in Y164E was also the same as that of Y164F, with an
invisible glucose residue at subsitel.

Structure of the Triple Mutant (T47M/Y164E/T328N)
Maltose CompleXn the structure of the triple mutant (Figure
4C), the substituted side chain of Met 47 excluded W1 and

water molecules (W3 and W4) were located at the vacated W2, resulting in the hydrophobic environment near Glu 367.

space of € and Qy of Tyr 164 in the wild type, allowing
the formation of hydrogen bonds with W1 (2.7 and 2.9 A),
respectively. The binding mode of maltose in Y164F, in the
active site, was different from that of the wild type. The
glucose residue at subsitel was not found, possibly due

Glu 164 created one hydrogen bond each with Asn 328 and
Lys 162 (3.2 A). The binding mode of maltose in the triple
mutant was almost the same as that of the wild type, and a
glucose residue at subsitel shifted toward subsite-1 as

it did in the Y164 mutants. Although the glucose residue at
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A

Ficure 4: Stereoviews of the structural conformation around Glu 367 of BCB mutants (magenta) complexed with maltose superimposed
on that of the wild-type (cyan) structure. The hydrogen bonds are represented by dotted lines. W denotes a water molecule. CW denotes
a catalytic water molecule: (A) Y164F, (B) Y164E, and (C) T47M/Y164E/T328N. This figure was generated using MOLSGB)IBRAA

Raster3D 84).

subsitet+1 was visible, the temperature factor of the glucose 164, that between Tyr 164 and Thr 328, and that between
was still higher (64 A&) than that of the wild type (21 A. Thr 47 and W2 (W1:-Tyr 164 Qp---Thr 328 Q/1 and Glu
Structural Interpretation of the Decreased pH Optimum 367 Q:2---Thr 47 Oy1)] and the occupation of two novel
of BCB MutantslIn this study, we for the first time have water molecules (W3 and W4) at the vacated spaceeof C
succeeded in shifting the neutral pH optimum of BCB toward and QO of Tyr 164 (Figure 4). The three hydrogen bonds
acidic pH. The optimum pH of the four single mutants shifted (Glu 367 G:2:--W1, Glu 367 @2:--W2, and W2*--W2) of
toward an acidic region much lower than that of SBA, the wild type were maintained in the Y164 mutants (Table
irrespective of the kind of side chains (Glu, GIn, His, and 3). The introduced W3 and W4 formed the novel hydrogen
Phe) at position 164. The crystal structure of the Y164E bonds with W1 instead of Tyr 164. These novel water
maltose and Y164Fmaltose complexes showed the defor- hydrogen bonds constituted the main structural difference
mation of three hydrogen bonds [that between W1 and Tyr between the wild type and the Y164 mutants (Table 3). The
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FicurRe 5: Stereoviews of the structural conformation around Glu 367 of T47M/Y164E/T328N (red) complexed with maltose superimposed
on BCB (cyan) and SBA (yellow). The hydrogen bonds are represented by dotted lines. W denotes a water molecule. This figure was
generated using MOLSCRIPBY) and Raster3D34).

kinetic pK; values of the single mutants (3:28.10) were
compatible with the usual value of Glu in wate?§],

suggesting that thelk of the wild type is increased by ?/
conformational factors. Though there is no direct evidence W, ™ w Y
that the two kinetic | values can be ascribed to those of ‘W2 w2 Fle4

the two catalytic carboxyl groups (Glu 367 and Glu 172),
the following discussion is possible if we assume that the
kinetic pK; represents thekpof Glu 367, as we did for the
analysis of SBA mutants with increased p20). Hydrogen
bonds can play a major role in modulating th€,palues of

dissociable side chains in proteing9( 30). In a previous BA Hydrop SBA '13;” bi

study analyzing SBA mutants, we demonstrated that suitable EI78 E178
hydrogen bond donors of side chains of Thr 340 in SBA \g‘ﬂ = \Mﬂ ?6{
can stabilize the negatively charged carboxyl group of Glu /" 0 L
380, resulting in a decreaselyof Glu 380 @0). In contrast, 0220 H—N N340 0y OH OH
Fersht interpreted the increaseld,f the carboxyl groups E3mﬁ~3-6 >:° Estmfw‘-s T340

of lysozyme as follows. If a carboxyl group is in a region of

relatively low polarity, its K, will be increased, since the
anionic form is destabilized3(). The structural difference
between the wild type and Y164 mutants in the active site

BCB

Hydrophilic.

04_:‘0?__(@?164
\
E367 | pKa~5.0

H~
JOH

T328

BCB Y164F

Hydrophilic

0: S0 i w8

Esmws.s ™
\(')]‘328

Ficure 6: Difference in the strategies for pH optimum regulation
in BCB and SBA.

of BCB suggests that W1, which is located between the side of SBA, so that @2 of Glu 164 creates a hydrogen bond
chains of Glu 367 and Tyr 164, is polarized after formation with N of Lys 162 (3.2 A). The side chain of Asn 328 faced
the side chain of Glu 164 after a 33.botation of they?
polarization of W1 destabilizes the anionic form of Glu 367, torsion angle, forming a hydrogen bond betweeti Of Glu
164 and N2 of Asn 328 (3.2 A). This may have been the
approximately 5.0. Thus, the structures of Y164 mutants cause of the deformation of the hydrogen bond betweeh O
suggest that the decreased pH optimum is caused by thedf Glu 367 and M2 of Asn 328, which was found in SBA
disruption of a hydrogen bond between W1 and Tyr 164 (Oe2 of Glu 380 and M2 of Asn 340, 3.1 A). Since the
rather than by the electrostatic effect between Glu 367 and pH—activity profile (K1 and (K») of the BCB triple mutant

of a hydrogen bond with Tyr 164 #in the wild type. The

resulting in an increase in theKp value of Glu 367 to

the mutated side chains at position 164. The disruption of was almost the same as that of the SBA E178Y mutant (20),
the short hydrogen bond (Thr 328Tyr 164, 2.5 A) of which has a disrupted hydrogen bond between Asn 340 and
Y164F resulted in a rotated aromatic ring of Phe 164 (Figure Glu 380 in SBA, the environment around Glu 367 of BCB
4A), suggesting that the hydrogen bond fastened the sidewas similar to that around Glu 380 of SBA. This suggests
chain of Tyr 164 to a position in whichgDof Tyr 164 could ~ that Met 47 in BCB (Met 51 in SBA) is very important for
form a hydrogen bond with W1. Thus, Thr 328 is also a key the removal of W1 and W2, and makes the hydrophobic
residue for regulation of the neutral pH optimum of BCB. It environment around Glu 367 (Glu 380). The finding that
is assumed that Tyr 164 and Thr 328 act in concert to the (K value of the triple mutant (4.2) was higher than that
establish the I, values of Glu 367. of the single mutant (3.184.1) may be ascribed to the
The structure of the triple mutant was superimposed onto change of the dielectric constant around Glu 382) (
that of BCB and SBA with rms deviations of 0.2 and 0.7 A, We conclude that the mechanism of the different pH
respectively, as shown in Figure 5. Met 47 in the triple optima between SBA and BCB is as follows (Figure 6). Glu
mutant, which corresponds to Met 51 of SBA, was shifted 367 of BCB, the base catalyst, is surrounded by a relatively
toward lle 83 by 1.4 A betweendSof Met 47 of BCB and more hydrophilic environment than SBA, because BCB has
SO of Met 51 of SBA. Met 47 makes van der Waals contact two water molecules (W1 and W2) at the active site. In the
with lle 83, resulting in the formation of a hydrophobic hydrophilic environment, two water-mediated hydrogen
environment near Glu 367. Glu 164 of the triple mutant was bonds (Glu 36+-W2---Thr 47 and Glu 36+%#-W1---Tyr 164
rotated by g2 torsion angle of 32 compared with Glu 178  --Thr 328) are formed by the three conserved residues (Thr
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47,

Tyr 164, and Thr 328). The polarization of W1

destabilizes the anionic form of Glu 367, resulting in the
increase in the I, value of Glu 367 to 5.0. Therefore, the
pH optimum of BCB is at neutral pH (6.7). In the case of
Y164F and Y164E, thelg, value of Glu 367 was 3.6, which

is almost the same as that of carboxyl groups in a water

solution (28). In contrast to BCB, Glu 380 of SBA is
surrounded by a hydrophobic environment without any water
molecules. In the hydrophobic environment, two hydrogen
bonds (Glu 386-Asn 340--Glu 178), which are created by

the three conserved residues (Met 51, Glu 178, and Asn 340),

are formed. The hydrogen bond (Glu 38Bsn 340)
stabilizes the anionic form of Glu 380, resulting in the
observed decrease in th&pvalue of Glu 380 to 3.6.
Therefore, the pH optimum of SBA is at acidic pH (5.4). In
the case of the N340T mutant of SBA, the disruption of the
hydrogen bond (Glu 38&Asn 340) caused thekp value

of Glu 380 to be increased to 4.5. Consequently, BCB and
SBA have different strategies for regulating their pH optima.
BCB has a water-mediated hydrogen bond network (Glu 367
-*W1---Tyr 164--Thr 328) in a hydrophilic environment,
which result in an increase in th&pvalue of Glu 367 from
3.6 (Y164F) to 5.0 (wild type) by destabilizing the depro-
tonated form of Glu 367, possibly due to the polarization of
W1. In contrast to BCB, SBA has a hydrogen bond network
(Glu 380--Asn 340--Glu 178) in a hydrophobic environ-
ment, which results in a decrease in the,alue of Glu
380 from 4.5 (N340T) to 3.6 (wild type) after stabilization
of the deprotonated form of Glu 380.
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