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a-amylase 2 with maltohexaose demonstrates the important role
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Abstract—Thermoactinomyces vulgaris R-47 a-amylase 2 (TVAII) can efficiently hydrolyze both starch and cyclomaltooligosaccha-
rides (cyclodextrins). The crystal structure of an inactive mutant TVAII in a complex with maltohexaose was determined at a res-
olution of 2.1 A. TVAII adopts a dimeric structure to form two catalytic sites, where substrates are found to bind. At the catalytic
site, there are many hydrogen bonds between the enzyme and substrate at the non-reducing end from the hydrolyzing site, but few
hydrogen bonds at the reducing end, where two aromatic residues, Trp356 and Tyr45, make effective interactions with a substrate.
Trp356 drastically changes its side-chain conformation to achieve a strong stacking interaction with the substrate, and Tyr45 from
another molecule forms a water-mediated hydrogen bond with the substrate. Kinetic analysis of the wild-type and mutant enzymes
in which Trp356 and/or Tyr45 were replaced with Ala suggested that Trp356 and Tyr45 are essential to the catalytic reaction of the
enzyme, and that the formation of a dimeric structure is indispensable for TVAII to hydrolyze both starch and cyclodextrins.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

o-Amylase [o-(1—4)-D-glucan-4-glucanohydrolase; EC
3.2.1.1] belonging to glycoside hydrolase family 13, cat-
alyzes the hydrolysis of a-(1—4)-D-glucosidic linkages in

Abbreviations: TVAI, Thermoactinomyces vulgaris R-47 a-amylase 1;

TVAIL, Thermoactinomyces vulgaris R-47 a-amylase 2; CD, cyclodex-

trin; D325N, inactive mutant TVAII (Asp325—Asn); G6, maltohexa-

ose; D325N/G6, inactive mutant TVAII complex with maltohexaose;

Y45A, mutant TVAIl (Tyrd5—Ala); W356A, mutant TVAII

(Trp356—Ala); TAA, Aspergillus orizae o-amylase; BA2, Bacillus

licheniformis a-amylase; MES, 4-morpholineethanesulfonic acid.
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starch to liberate products: maltooligosaccharides, with
net retention of anomeric configuration. Generally, o-
amylase has three strictly conserved catalytic residues,
two Asp and a Glu, and three typical domains; domain
A with a (B/a)g barrel, domain B being a loop protrud-
ing from domain A, and domain C with a B-sandwich
structure.” The structures of domains A and C are well
conserved, while the structure of domain B has been
found to vary.
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Thermoactinomyces vulgaris R-47 produces two o-
amylases, TVAI (637 amino acids, MW = 71,000 Da),
and TVAII (585 amino acids, 67,500 Da).3 In addition
to hydrolyzing starch, these two enzymes have unusual
activities for cyclomaltooligosaccharides (cyclodextrins,
CD), which are little hydrolyzed by other o-amylases.’
TVAII as an intracellular enzyme can efficiently hydro-
lyze a-, B-, and y-CDs (six, seven, and eight glucose
units), by what is called cyclodextrinase activity.* To
elucidate the properties of TVAs, we reported the X-
ray structures of TVAL®> TVAIL® and an inactive
mutant TVAII in a complex with CDs,”® and conducted
the kinetic analyses of mutant TVAIIs,” obtaining new
insight into the mechanism behind the recognition of
CDs.

TVAII has an extra domain N with a distorted p-bar-
rel structure, in addition to the three common domains,
and forms a dimeric structure using domain N as a con-
nector, to give suitable catalytic site clefts for CDs. The
X-ray structures of three enzymes having hydrolyzing
activity for CDs, maltogenic o-amylase (ThMA),"
Bacillus stearothermophilus neopullulanase,'" and cyclo-
maltodextrinase,'? have been reported, showing that
they too form a dimeric structure using domain N.
Therefore, the formation of a dimeric structure is
thought to be indispensable for the recognition of
CDs. However, it is not clear whether a dimeric struc-
ture of TVAII is required for the hydrolyzing of starch,
and/or how TVAII recognizes starch as a substrate in a
dimeric structure, because almost all a-amylases func-
tion as a monomer structure. We therefore examined
the X-ray structure of an inactive mutant TVAII
(D325N, Asp325—Asn) in a complex with maltohexa-
ose (G6) at a resolution of 2.1 A, finding that two aro-
matic residues (Tyr45 and Trp356) interacting with a

substrate at the reducing end side were needed to recog-
nize substrates. To confirm this, we also carried out
kinetic analyses of TVA II hydrolyzing activities for
starch and B-CD, using the wild-type TVA II and two
mutant enzymes, Y45A and W356A.

2. Results and discussion
2.1. Overall structure of D325N/G6

Figure 1'*!'* shows the overall structure of the D325N/
G6 complex. TVAII is composed of four domains;
domain N (residue 1-121) with a distorted B-barrel struc-
ture, domain A (122-242 and 298-502) with a (B/a)g
barrel structure, domain B (243-297) protruding from
domain A, and domain C (503-585) with a B-sandwich
structure. TVAII forms a dimeric structure of two mole-
cules, denoted Mol-1 and Mol-2, related by non-crystal-
lographic 2-fold symmetry. In the dimeric structure,
there are two catalytic sites that are formed by the resi-
dues from domains A and B, and partially by domain N
of another molecule. Since in structure Mol-1 and Mol-2
are almost identicgl, with the r.m.s. deviations between
them being 0.860 A for main-chain atoms, and the sub-
strate binding mode is almost identical between Mol-1
and Mol-2. Here, the structural description concentrates
on the catalytic site located in Mol-1, and residues from
Mol-2 are indicated by ‘¢’ for clarity, for example,
Tyrd5”.

2.2. Catalytic site structure with maltohexaose (G6)

The omit map for the binding of G6 in Mol-1 with a
4.00 contoured level is illustrated in Figure 2.'> Glucose

Figure 1. Stercoview of overall structure of the D325N/G6 complex illustrated by the program MoLscrIPT.'? Domain N, A, B, and C are colored in
blue, green, yellow, and magenta, respectively. Mol-2 is shown by light colors. G6s are represented by a wire model.
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Figure 2. Stereoview of the simulated annealed omit maps with a structural model of bound G6. The contoured level of this map is 4.0c, illustrated

by the program pymoL."”

units of G6 are designated Glc(—3), Glc(—2), Gle(—1),
Gle(+1), Gle(+2), and Gle(+3) from the non-reducing
to reducing end. The numbers in parentheses indicate
the subsites, and the hydrolyzing site is between subsites
—1 and +1. The glucosidic bond between Glc(—1) and
Glc(+1) is intact, and the conformation of the pyran-
oside in the subsite —1 is a *C; chair form. The quality
of the electron density maps of Glc(—3) and Gle(+3)
is not good enough to locate all the atoms in glucose
units, suggesting that Gle(—3) and Glc(+3) are highly
disordered.

Figure 3 shows the interaction between the enzyme
and G6. The torsion angles of the glycosidic bonds of
G6 at the hydrolyzing site, ¢ =41° (0-5-C-1-0-4'-C-
4’y and yy = —149° (C-1-0-4'-C-4'-C-5') deviate greatly
from those of the regular helical structure of amylose;
¢ = 104° and y = —121°.'° The three catalytic residues
that are strictly conserved in a-amylases are in TVAII,
Asn325, Glu354, and Asp421. According to the pro-
posed hydrolyzing mechanism, the O-E atom of
Glu354 protonates the O-4 atom (glycosidic oxygen) at
a hydrolyzing site, which is followed by the attack of
the O-D atom of Asp325 on the C-1 atom of Glc(—1),
and Asp421 is involved in fixing the substrate and in sta-
bilizing the transition state.'”'® In D325N/G6, the O-El
atom of Glu354 forms a hydrogen bond with the glyco-
side oxygen atom (O-4 atom) between Glc(—1) and
Glc(+1), and the ND1 atom of Asn325 forms a hydro-
gen bond with the O-6 atom of Glc(—1), causing the
O-D1 atom to be in direct contact with the C-1 atom
of Glc(—1) with a distance of 3.0 A. The O-D1 and O-
D2 atoms of Asp421 form hydrogen bonds with the
0-2 and O-3 atoms of Gl¢(—1) to fix its orientation.
Thus, the interactions of the three catalytic residues of
TVAII with G6 well support the proposed catalytic
mechanism of o-amylase. In addition, there are many
interactions between the enzyme and G6 at (—) subsites.
Asp465 forms hydrogen bonds with the O-3 atom of

Glc(—2) and O-2 atom of Glc(—3), and Argd469 also
makes hydrogen bonds with the O-2 and O-3 atoms of
Glc(—2). Two planar residues form nicely stacking inter-
actions with G6; they are Tyr204 with Glc(—1) and
His202 with Glc(—2).

By contrast, few direct hydrogen bonds exist between
the enzyme and G6 at (+) subsites, only GInl12*-
Gle(+2) and Glu378-Glc(+3), compared to the number
in other o-amylase/oligosaccharide complexes.!*?" In-
stead of direct hydrogen bonds, Trp356 and Tyr45" make
favorable interactions with Glc(+1) and Glc(+2) of G6,
helping to fix the substrate in a proper position. Through
the binding of G6, Trp356, and Tyr374 change their side-
chain conformations to make strong stacking interac-
tions with Glc(+2). Trp356 and Tyr374 in unliganded
TVAII are superimposed in Figure 3a. Due to the stack-
ing interactions of Trp356 with Gle(+2), G6 is bent at the
hydrolyzing site, directing the O-4 atom (glycoside oxy-
gen) to Glu354 to form a hydrogen bond. Thus,
Trp356 plays an important role in stabilizing the confor-
mation of G6 for the catalytic reaction. Figure 3b shows
the previously reported TVAII/B-CD structure, where
Trp356 interacted with B-CD in a different manner from
G6. These enzyme-substrate complex structures showed
that Trp356 certainly interacts with a glucose unit at sub-
site +2; therefore, Trp356 is thought to be responsible for
the multiple substrate-recognition mechanism of TVAII,
by changing its side-chain conformation depending on
the substrate to stabilize enzyme-substrate complex.
Tyrd5™ forms an intermolecular (Mol-1 and Mol-2)
hydrogen bond with Glu329 to construct part of the
active cleft, and makes a water-mediated hydrogen bond
with the O-2 atom of Gle(+1) and van der Waals con-
tacts with Glc(+1) and Glc(+2). Since the Tyr45 residue
of domain N is conserved in neopullulanase'! and malto-
genic o-amylase'® with hydrolyzing activity for CDs,
Tyrd5 is proposed to be essential for recognizing
CDs. This study showed that Tyr45 may also play an
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Figure 3. Stereoviews of interactions between catalytic site residues (yellow) and G6 (gray) (a), and B-CD (gray) (b), illustrated by the program
MoLscrIPT.'? Trp356 and Tyr374 in the unliganded TVAII are superimposed (magenta), and G6 is superimposed with thin lines in (b). The selected

hydrogen bonds are shown with dotted lines.

important role in the enzyme-substrate interactions at
(+) subsites in the hydrolysis of starch.

2.3. Kinetic analyses of W356A and Y45A
Strong interactions at the reducing end between G6 and

two aromatic residues, Tyrd5" and Trp356, were ob-
served through the binding of G6. To confirm the role

Table 1. Kinetic parameters of wild-type TVAII and mutant enzymes

of Tyr45" and Trp356, we constructed mutant TVAIIs,
W356A (Trp356—Ala), and Y45A (Tyr4d5—Ala), by
site-directed mutagenesis, and carried out a kinetic anal-
ysis for starch and B-CD. The kinetic parameters of the
wild-type TVA 1II, W356A, and Y45A are listed in
Table 1. All mutant enzymes exhibited a reduction in
activity for both substrates to 1.0-5.0% of the kea/Km
values compared to wild-type TVAII, showing that

W356A Y45A Wild-type

K, (mM)

B-CD 1.94 + 0.10(146) 2.82 +0.33(215) 1.31 +0.08(100)°

Starch 0.95 +0.06%(317) 2.60 + 0.45%(867) 0.30 4 0.01%(100)°
Keat (S_l)

B-CD 1.06 4+ 0.29(2.4) 2.08 + 0.54(4.8) 43.40 + 1.30(100)°

Starch 0.72 £ 0.21(2.5) 12.56 4+ 3.00(44.0) 28.52 4+ 0.32(100)°
keat/ K (™' mM ™)

B-CD 0.554+0.17(1.7) 0.74 +0.24(2.2) 33.13 + 0.92(100)°

Starch 0.90 4+ 0.38(1.0) 4.79 + 0.50(5.0) 94.32 + 3.40(100)°

# Kin values of starch were % (w/v).

°®The ratio of each kinetic parameter for each mutant relative to the wild-type enzyme (%) is given in parentheses.
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Trp356 and Tyr45" are required for the activity of
TVAII to hydrolyze starch and CDs.

The K., values of W356A for B-CD and starch are
146% and 317% that of wild-type TVAII, respectively.
The k., value of W356A for both substrates is more de-
creased compared to wild-type TVAII and Y45A. These
results showed that the Trp356 residue plays an impor-
tant role for catalytic reaction, and the replacement of
Trp356 by Ala is expected to affect the stability of the
enzyme-substrate complex, especially the transition
state, in which the binding of starch is much more than
in the binding of B-CD.

In Y45A, this tendency is more remarkable. The K,
values of Y45A for B-CD and starch are 215 and
867% that of wild-type TVALII, respectively. While, the
kear value of Y45A for starch is not decreased as well
as for B-CD. These results showed that Tyr45 plays an
important role for substrate binding.

In other a-amylase-ligand complexes,>'>* Aspergillus
orizae a-amylase (TAA) with acarbose,?' Bacillus lichen-
iformis a-amylase (BA2) with acarbose,?” the aromatic
residues (Tyr155; TAA, Tyr193; BA2) from domain B
are located at the reducing end, and strongly interact
with Glc(+2). This aromatic residue is conserved in
these amylases. TVAII has no residues from Mol-1 at
the reducing end corresponding to these aromatic resi-
dues, because the loop region of domain B is shorter
than in other a-amylases. In TVAII, the residues from
the loop region (42"-50") of Mol-2 construct part of
the catalytic site by forming a dimeric structure, and
Tyrd5" is thought to play a role in place of these aro-
matic residues as found in other a-amylases. Therefore,
the interaction of Tyr45™ with the substrate is essential
to the catalytic reaction of TVAII, and the formation
of a dimeric structure is indispensable for TVAII to
hydrolyze starch as well as CDs.

3. Experimental
3.1. Materials

All of the mutant enzymes were prepared from recombi-
nant Escherichia coli MV 1184 cells. Oligonucleotide-di-
rected mutagenesis was carried out using the plasmid
pTNKK with a Quick Change kit (Strategene) for the
construction of mutant enzymes D325N, W356A, and
Y45A.

3.2. X-ray crystallography

These mutant enzymes were purified in the same way as
the wild-type TVAIL® Crystals of D325N were prepared
by a vapor diffusion hanging drop method at 20 °C,
using a protein (15 mg/mL) and a reservoir solution
containing 1.0% (w/v) polyethylene glycol 6000 and

Table 2. Data collection and refinement statistics

D325N/maltohexaose complex

Temperature (K) 100
Resolution (A) 2.1
No. of measured refs. 469,220
No. of unique refs. 85,196
Completeness (%) 95.5(97.2)
Ronerge” 0.078 (0.220)°
Ifa(To) 12.5 (4.5
Space group P2,2,2,
Cell dimensions

a (A) 113.69

b (A) 118.71

¢ (A) 112.38
Structure refinement
Resolution range (A) 46.37-2.1
No. of refs. 85,196
Completeness (%) 95.5 (97.2)°
R 0.184 (0.225)°
Riree 0.231 (0.304)°
r.m.s.d. bond lengths (10\) 0.006
r.m.s.d. bond angles (°) 1.3

N Rmerge = ZZ'II - <I>|/Z<I>
°The values ofor the highest resolution shell are given in parentheses
(2.10-2.37 A resolution).

2.5mM calcium chloride in 20mM MES buffer
(pH 6.1). Crystals of D325N/G6 were obtained by a
soaking method using the reservoir solution containing
1 mM G6 for 2 h.

X-ray diffraction data for D325N/G6 were collected
at 100 K using an MacSience/DIP2040 imaging plate
detector system on the BL44XU beam line in SPring-8
(Hyogo, Japan), with a cryoprotected solution contain-
ing 20% (w/v) of 2-methyl-2,4-pentadiol. Diffraction
data were processed using HKL2000.>> The collected
data and scaling results are listed in Table 2. The initial
phase was determined with a molecular replacement
method using the structure of wild-type TVAII as a
probe with the program cNs.?® Models were corrected
on the 2Fo-Fc electron density map using the program
XFIT in the Xtalview system,”’ and structures without
solvent molecules were refined using maximum resolu-
tion data. Solvent molecules were gradually introduced
if peaks above 4.0¢ in the Fo-Fc electron density map
were in the range of a hydrogen bond. To avoid the
overfitting of diffraction data, a free R-factor with 10%
of the test set excluded from refinement was monitored.
Refinement of the final structure was converged at an R-
factor of 0.184 (Rpe. =0.217) and refinement statistics
are listed in Table 2. In a Ramachandran plot, 86.7%
of residues are shown in the most favored regions as
determined by the program procHECK,?** and no res-
idue is in disallowed regions.

3.3. Enzyme assays

The activities for starch and B-CD were assayed as
described.> The enzyme reaction was carried out in
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100 mM phosphate buffer (pH 6.0) at 40 °C. The prod-
ucts were analyzed by the Nelson—-Somogyi method for
starch and B-CD by monitoring the reducing power of
the hydrolysate. Wild-type TVAII and both mutant en-
zymes are confirmed to form a dimeric structure under
the condition of the activity assay by a gel-filtration
chromatography.

4. Supplementary data

The coordinates and structural factors of the D325N/G6
complex were deposited in the Protein Data Bank under
the accession codes 2D20.
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