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Abstract

The maltooligosaccharide-forming amylase from Bacillus stearothermophilus STB04 (Bst-MFA) randomly cleaves the «-1,4
glycosidic linkages of starch to produce predominantly maltopentaose and maltohexaose. The three-dimensional co-crystal
structure of Bst-MFA with acarbose highlighted the stacking interactions between Trp139 and the substrate in subsites — 5 and
— 6. Interactions like this are thought to play a critical role in maltopentaose/maltohexaose production. A site-directed mutagen-
esis approach was used to test this hypothesis. Replacement of Trp139 by alanine, leucine, or tyrosine dramatically increased
maltopentaose production and reduced maltohexaose production. Oligosaccharide degradation indicated that these mutants also
enhance productive binding of the substrate aglycone, leading to a high maltopentaose yield. Therefore, the aromatic stacking
between Trp139 and substrate is suggested to control product specificity and the oligosaccharide cleavage pattern.

Keywords Maltooligosaccharide-forming amylase - Stacking interactions - Product specificity - Oligosaccharide cleavage pattern

Introduction

o-Amylase (EC.3.2.1.1) is an enzyme that catalyzes the hy-
drolysis of the internal -1,4 linkages in starch and related gly-
cans. Most of the x-amylases belong to glycoside hydrolase
(GH) family GH13, which is one of the most well-studied GH
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families among 165 GH functional families created until now
in the Carbohydrate-Active enZYmes (CAZy) database
(http://www.cazy.org/). The o-amylases classified in family
GHI13 share 4—7 conserved sequence regions (Janecek 2002;
Janecek et al. 2014; Nakajima et al. 1986). So far, the family
GH13 has been divided into 42 curator-based subfamilies.
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Among them, 11 subfamilies exhibit x-amylase specificity,
including GH13_5 (bacterial liquefying x-amylases),
GHI13 6 (plant -amylases), GH13 7 (archaea x-amylases),
aswellas GH13 1, 15,24,27,28,32,37,38 (Chaietal. 2016;
Janecek et al. 2014). It should be pointed out that these three
subfamilies GH13_5, 6, 7, are mutually very closely related
(Janecek and Gabrisko 2016). Driven by the importance of «-
amylases, many crystallographic studies have been performed
on GH13 family enzymes (Brzozowski and Davies 1997,
Dumbrepatil et al. 2010; Gourlay et al. 2009; Park et al.
2013). Three-dimensional structures are known for 124 family
members updated in CAZy database, all of which are com-
posed of a central (3/cc)g-barrel-structured fold in their three-
dimensional structures. In particular, members of the subfam-
ily GH13_5 do possess rather long domain B.

Detailed study of the co-crystal structures of x-amylases
with substrates and analogs has revealed the features of tight
oligosaccharide binding along the extended substrate-binding
site (Aghajari et al. 2002; Davies et al. 2005; Machius et al.
1996; Uitdehaag et al. 1999; Uitdehaag et al. 2000; Yoshioka
et al. 1997). Several studies have shown that both aromatic
stacking and hydrogen bonds are important aspects of sub-
strate binding (Bai et al. 2017; Brzozowski and Davies
1997; Brzozowski et al. 2000; Davies et al. 2005; Fujimoto
etal. 1998; Przylas et al. 2000; Qian et al. 1994; Quiocho et al.
1997; van der Veen et al. 2001). Aromatic residues involved in
stacking interactions ensure proper positioning of the substrate
(Kadziola et al. 1998). In particular, aromatic residues have
been observed at the end of active cleft (nonreducing side)
(Agirre et al. 2019; Alikhajeh et al. 2010; Davies et al. 2005;
Kanai et al. 2004; Robert et al. 2005). Some of them are
stacked onto substrate at nonreducing end-subsite, and the
corresponding site-directed mutagenesis based on these stack-
ing interactions have shown them to be involved in determin-
ing the oligosaccharide cleavage pattern (Bak-Jensen et al.
2004) and product specificity (Kanai et al. 2006).

Bacterial «-amylases that produce predominantly
maltooligosaccharides are collectively called
maltooligosaccharide-forming amylases (MFAses) (Kim
et al. 1995; Momma 2000; Pan et al. 2017; Yang and Liu
2004). Since these maltooligosaccharides have excellent food
processing adaptability and specific physiological functions,
MFAses have been important enzymes in the food and phar-
maceutical industries (Pan et al. 2017). The subject of this
study is an MFAse from B. stearothermophilus STB04 (Bst-
MFA) that cleaves internal «-1,4 linkages in starch to produce
maltopentaose (G5) and G6. This enzyme belongs to subfam-
ily GH13 5. The X-ray crystal structure of the Bst-MFA/
acarbose complex has been determined at 2.2 A (PDB:
6AG0) (Xie et al. 2019). The primary interaction between
the sugar at the nonreducing end of acarbose and subsite — 6
was an aromatic stacking interaction involving Trp139. To
elucidate the influence of the stacking interaction between
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Trp139 and the glucosyl residues at subsites — 5 and — 6 on
G5/G6 production, site-directed mutation was used to replace
Trp 139 with alanine (W139A), leucine (W139L), and tyro-
sine (W139Y). The catalytic properties of the wild-type and
mutant Bst-MFAses were explored, including their oligosac-
charides cleavage patterns. These results provide insight into
the influence of Trp139 on G5/G6 production and a reference
for the use of protein engineering to modify the product spec-
ificity of MFAses.

Materials and methods
Constructions of mutants

A two-stage, PCR-based site-directed mutagenesis was per-
formed using the previously described Bst-MFAse expression
vector mfa/pST as the template (Pan et al. 2019). Two sets of
forward and reverse primers were designed: one covering the
site of mutation (F1 and F2), and the other corresponding to a
site half the length of the plasmid from the mutant residue (R1
and R2). The sequences of F1 and F2 varied with the mutation
being introduced; they are displayed in Table 1. The oligonu-
cleotides R1 and R2 had sequences (5'-GCAT
AACTTGCTCTATATCCACACTG-3’) and (5'-CAGT
GTGGATATAGAGCAAGTTATGC-3"), respectively. In the
first stage of the mutagenesis process, two amplification reac-
tions, one using F1 and R2 and the other using F2 and R1,
produced intermediates L1 and L2, respectively. In the second
stage of the mutagenesis process, L1 and L2 were used as the
template and the mutant plasmid was assembled using primers
R1 and R2. To reduce the probability of PCR errors, the
primers were designed to be complementary only in the mid-
dle, with two staggered ends. The amplified products were
inserted into Escherichia coli JIM109 (Novagen, USA), and
the transformants were screened and sequenced to produce the
desired mutant plasmids (Table 1). Finally, the wild-type and
mutant plasmids were used to transform Bacillus subtilis
WB600 (The Bacillus Genetic Stock Center, USA) and the
resulting strains were used to produce the desired proteins.

Production of wild-type and mutant Bst-MFAses

Seed cultures were prepared by inoculating 50 mL of LB
medium containing 10 pg/mL kanamycin with 100 pL of
the appropriate B. subtilis WB600 (mfa/pST) derivative. The
resulting culture was shaken (200 r/min) at 37 °C for 12 hina
rotary shaker. Subsequently, a 2-mL aliquot of the seed culture
was used to inoculate 50 mL of fermentation medium that
consisted of 30 g/L yeast extract, 6 g/L corn starch, 17 mM
KH,PO,, 72 mM K,HPO,, and 10 pg/mL kanamycin. This
culture was shaken (22 r/min) at 37 °C for 48 h, during which
the desired protein was excreted into the culture medium.
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Table 1 Primers used in site-

directed mutagenesis Mutants

Forward and reverse primers

F1 5'-GCACCTATCAAATCCAAGCAGCG*ACGAAATTTGATTTTCCCGGGCGGGG

F2 5'-CGGGAAAATCAAATTTCGTCGCTGCTTGGATTTGATAGGTGCCCGAGATTTCTT

F1 5'-GCACCTATCAAATCCAAGCACTGACGAAATTTGATTTTCCCGGGCGGGGCAAC-3'

F2 5'-CGGGAAAATCAAATTTCGTCAGTGCTTGGATTTGATAGGTGCCCGAGATTTCTT

WI139A

CAAC-3

GG-3'
WI139L

GG-3'
W139Y

F1 5-GCACCTATCAAATCCAAGCATATACGAAATTTGATTTTCCCGGGCGGGGCAAC-3'

F2 5-CGGGAAAATCAAATTTCGTATATGCTTGGATTTGATAGGTGCCCGAGATTTCTT

GG-3'

#Underlined base corresponding to mutant amino acid

Crude enzyme was obtained by centrifugation of the fermen-
tation broth at 10,000xg and 4 °C for 15 min.

Purification of wild-type Bst-MFA and its mutants

Crude enzyme obtained from the fermentation described in
the “Production of wild-type and mutant Bst-MFAses” section
was filtered through a 0.22-um aqueous membrane and sub-
jected to hydrophobic interaction chromatography using a
5-mL HiTrap Phenyl HP column. The column was equilibrat-
ed with 25 mL ultrapure water at a flow rate of 2 mL/min, and
the flow rate was kept constant. After loading 50-80 mL of
crude enzyme, the column was successively eluted with ultra-
pure water and 10 mM NaOH at a flow rate of 2 mL/min.
Fractions containing active enzyme were pooled and dialyzed
for 24 h to remove NaOH. The purified protein was assayed to
enzymatic activity and analyzed using SDS-PAGE.

Hydrolytic activity assay

The enzyme ability to hydrolyze soluble starch was assessed
by following the increase in reducing sugar concentration
using 3,5-dinitrosalicylic acid (DNS) (Macklin, Shanghai,
China) (Miller 1959). Assay mixtures contained 0.2 mL en-
zyme diluted with citrate-phosphate buffer (10 mM, pH 5.5)
and 1.8 mL 1% (w/v) soluble starch (Sinopharm Chemical
Reagent Co., Shanghai, China) prepared with the same buffer.
The reaction was conducted at 60 °C for 15 min and terminat-
ed by the addition of 2 mL of DNS solution. Color develop-
ment occurred when the resulting solution was incubated in a
boiling water bath for 5 min, cooled in ice water, and then
diluted with an equal volume of water. The absorbance of this
mixture was measured at 540 nm, and the reducing sugar
content in the system was calculated using a standard curve
prepared using glucose. One unit (U) of activity was defined
as the amount of enzyme required to produce 1 pmol of re-
ducing sugar (in terms of glucose) per minute.

Determination of protein concentration

Protein concentration was determined using a protein assay kit
(Sangon Biotech, Shanghai, China) based upon the Bradford
method (Bradford 1976). Bovine serum albumin was used to
make a standard curve.

Hydrolysis product analysis using corn starch

Purified enzyme (5 U per gram of starch) was added to a 5%
(w/w) com starch (Shandong Dazong Biological Development
Co., Ltd., Shandong, China) solution prepared in citrate-
phosphate buffer (10 mM, pH 5.5). After incubation in a water-
bath shaker (60 °C, 160 r/min) for 48 h, the mixture was boiled
for 60 min. The supernatant was diluted with ultrapure water and
filtered through a 0.22-um hydrophilic mixed cellulose ester
(MCE) syringe filter (Wuxi Huabiao Scientific Instrument Co.,
Ltd., Jiangsu, China). The mixture was subjected to high-
performance anion exchange chromatography with pulsed am-
perometric detection (HPAEC-PAD) to determine the composi-
tion and content of the products (Xie et al. 2019). Glucose (G1),
maltose (G2), and linear maltooligosaccharides with degrees of
polymerization (DP) 3-7 (Shanghai Huicheng Biological
Technology Co., Ltd., Shanghai, China) were used as standards.

Reaction pattern using maltooligosaccharides

Maltooligosaccharides of DP 5-8 (Shanghai Huicheng Biological
Technology Co., Ltd., Shanghai, China) prepared in ultrapure
water were used as substrate. Purified enzyme (50 U/g of sub-
strate) was mixed with 1 mg/mL maltooligosaccharide substrate,
and then the mixture was incubated at 60 °C for 24 h. Hydrolysis
products were analyzed using HPAEC-PAD (Xie et al. 2019).

Structure modeling of the mutant Bst-MFAses

We previously determined the X-ray crystal structure of the Bst-
MFA/acarbose complex and submitted the results to the RCSB
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Protein Data Bank (PDB ID: 6AG0)(Xie et al. 2019).
Homology models of the mutant Bst-MFAses were constructed
using the SWISS-MODEL protein-modeling server (http://
www.expasy.ch/swissmod/SWISS-MODEL.html). The PyMol
molecular Graphics System (http://www.pymol.org) was used to
visualize and analyze the model structures generated.

Results
Selection of 139 mutation sites

In a previous X-ray crystallographic study (Xie et al. 2019), two
acarbose molecules were seen bound to Bst-MFA at both ends of
the active-site cleft. We proposed the existence of at least 8
subsites, six glycone sites (— 6, — 5, — 4, — 3, — 2, — 1) and
two aglycone sites (+ 1, + 2). Aromatic residue Trp139 was seen
directly above the — 5 and — 6 subsites. Its indole moiety was
involved in a stacking interaction with the acarviosine unit of one
of the acarbose molecules (Fig. 1). Interestingly, this aromatic
stacking interaction at the outermost substrate binding subsite
has also been seen in other amylases. Bst-MFA belongs to sub-
family GH13 5, and the members of the subfamily GH13 5
have been identified to be most closely related to members of
the subfamilies GH13 6 and GH13 7 (Janecek and Gabrisko
2016). All the x-amylases that have been reported crystal struc-
tures in these three subfamilies were collected in Table 2. These
«-amylases existed specific seven conserved sequence regions
(Fig. S1), and their structures highlighted the aromatic residues at
the end of active cleft, including tryptophan in GHI13 5 and
GH13 7 and tyrosine in GH13 6 (Table 2). These residues
superimposed perfectly (not shown). However, due to the lack
of co-crystal structures or/and complete subsite composition, on-
ly three residues could be determined to directly participate in
stacking interactions at nonreducing end-subsite, in addition to
Trp139 in Bst-MFA. They were Trp140 in «-amylase from
(BHA) and G6-forming amylase from alkalophilic Bacillus
sp.707 (G6-amylase), and Tyr105 in barley «-amylase 1
(AMY1). Furthermore, engineering of aromatic stacking inter-
actions at outermost subsite in AMY1, which transiently

Fig. 1 Aromatic stacking
interaction of the indolyl moiety
of Trp139 with the 4-amino-4,6-
deoxyglucosyl and cyclitol
residues at subsites — 5 and — 6,
respectively. Trp139 and acarbose
are shown in stick representation
with their carbon atoms in cyan
and yellow, respectively.
Structural figures were prepared
with PyMol (http://www.pymol.
org)
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produces G6, and G6-amylase, which produces G6 as its main
end-product, were reported. Tyr105 of AMY1 played a role in
determining the oligosaccharide cleavage pattern and was in-
volved in multiple binding modes (Kramheft et al. 2005;
Robert et al. 2005), Trp140 in G6-amylase influenced both
starch binding and G6 specificity (Kanai et al. 2004; Kanai
et al. 2006). Based on these analyses, we hypothesized that the
face-to-face short contact between Trp139 and the substrate sug-
ar unit could control the production of G5/G6 and exert a sub-
stantial impact on the product specificity of Bst-MFA.

Design of mutants based on variations
on enzyme-substrate interactions

Simulated saturation mutation of Trp139 was constructed using
the SWISS-MODEL protein-modeling server, emphasizing the
variations on enzyme-substrate interactions at subsite — 5/— 6.
In the wild-type Bst-MFA model, the 4-amino-4,6-
deoxyglucosyl and cyclitol residues at subsites — 5 and — 6
are stacked with the indole moiety of Trp139 within a distance
of 4 A. The replacement of Trp139 by the remaining 19 amino
acids resulted in no interaction between the residue 139 and
substrate at subsite — 6, and different intermolecular contact at
subsite — 5. Therefore, the design of mutants was mainly based
on the alteration in enzyme-substrate interactions at subsite— 5
caused by mutations. These 19 amino acids could be divided
into three categories. Firstly, most amino acid residue substitu-
tions, such as alanine, asparagine, aspartic acid, and arginine,
lost residue 139-substrate binding at subsite — 5 (Fig. S2a).
Besides, aromatic residues Tyr139 and Phe139 could maintain
the stacking interactions at subsite — 5(Fig. S2b). Notably,
Tyr139 is closer to subsite — 5 than Phe139. Finally, nonpolar
residues with longer hydrophobic side chains like leucine, iso-
leucine, and methionine at 139 site, are directly above the — 5
subsite (Fig. S2¢), providing a hydrophobic interaction that is
weaker than the stacking interaction in the wild-type structure.
From the above three types of amino acids, we selected the
most representative alanine, tyrosine, and leucine in replace of
Trp139 and further constructed mutants W139A, W139Y, and
W139L. The structures of the wild type and these three mutants

Trp139

Subsite -5 Subsite -6
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Table 2 o-Amylases with crystal structures have been reported in GH13 5, GH13 6, and GH13_7 subfamilies

Subfamily Enzyme® Organism GenBank ID PDB ID Residue® Reference

GH13_5 Bst-MFA Bacillus stearothermophilus STB04 KM262839.1 6AGO Trp139 Xie et al. (2019)
AliC o-amylase Alicyclobacillus sp. 18711 MH533021 6GXV Trp140 Agirre et al. (2019)
BAA Bacillus amyloliquefaciens AAA22191.1 3BH4 Trp137 Alikhajeh et al. (2010)
BHA Bacillus halmapalus CAD26699.1 1W9X Trp140 Davies et al. (2005)
BLA Bacillus licheniformis AAA22226.1 1LBI Trp138 Machius et al. (1998)
AmyK Alkaliphilic Bacillus sp. KSM-1378 AAR68734.1 2DIE Trp140 Shirai et al. (2007)
Go6-amylase Alkalophilic Bacillus sp. 707 AAA22231.1 1WPC Trp140 Kanai et al. (2004)
AmyK38 Bacillus sp. Strain KSM-K38 CAC39917.1 1UD2 Trp138 Nonaka et al. (2003)

GHI13 6 AMY1 Hordeum vulgare AAA32927.1 IRP8 Tyrl05 Robert et al. (2005)
Amyl-1 Oryza sativa BAF10134.1 3WN6 Tyr129 Ochiai et al. (2014)

GHI13 7 «-amylase Pyrococcus woesei - 3GQV Trp128 Unpublished
AmyA Pyrococcus woesei AAD54338.1 IMWO Trp128 Linden et al. (2003)

— data not available

? These enzymes are named according to the corresponding literature

® Aromatic residues at the end of active cleft. These residues superimposed perfectly

concentrated in the subsite — 5/~ 6 are shown in Fig. 2.
Significantly, the phenol of Tyr139 is closer to subsite — 5 than

i

the indolyl group of Trp139, reflecting stronger interaction of
Tyr139 with the cyclitol residue at subsite — 5.

]

Fig. 2 Changes in intermolecular contacts between wild type (a) and mutants W139A (b), W139L (c), and W139Y (d), highlighting relative position
between acarbose and the residue at position 139, whose carbon atoms are rendered in cyan and yellow, respectively
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Expression and hydrolytic activity

Wild-type and mutant Bst-MFA proteins were secreted into the
growth medium using B. subtilis WB600 as the expression host.
Wild-type and mutant Bst-MFAses were substantially purified
from the growth medium using hydrophobic interaction chro-
matography (Fig. S3). Purification data was shown in Table S1.
Hydrolytic activity assays indicated that the specific activities of
the mutants were somewhat lower (to varying degrees) than that
of the wild-type (7213.5 U/mg). W139A exhibited the most
striking decline in specific activity (27.5% that of the wild-type),
followed by W139L (45.3% that of the wild-type). The specific
activities of W139Y dropped to 82.1% that of the wild-type.
Since position 139 is far from the catalytic residues (~ 20 A),
these decreases in the activity may be better explained using the
change in substrate binding resulting from the aromatic substi-
tutions (Kanai et al. 2006). Indeed, the decreased specific activ-
ity roughly parallels the attenuation of substrate binding seen in
our models (Fig. 2). The activity variation suggests that Trp139
plays a critical role in binding the substrate in a conformation
allowing efficient hydrolysis.

Comparison of product profiles

Mutations a position 139 substantially altered the product
profile. The hydrolysis of corn starch by wild-type Bst-
MFA produced a product containing 28.1% G5 and
33.1% G6. The product profiles of the Trp139 exhibited
dramatic increases in G5 production and decreases in G6
production (Fig. 3). Differences were also observed in the
production of other products. Among the mutants, W139Y
exhibited both the highest G5 production (50.0%; greater
than that of the wild-type) and the greatest decrease in G6
production. In contrast, W139A exhibited the smallest in-
crease in G5 production and the smallest decrease in G6
production. The G5 and G6 production of W139L were
both between those of W139A and W139Y. Interestingly,
WI139L exhibited the highest ratio of G5 (56.7%) and the
lowest conversation rate (62.8%). The conversion rates of
the mutants were lower than that of the wild-type (75.0%),
especially those of W139A and W139L.

Effect of mutations on oligosaccharide cleavage
pattern

The effect of modifying the aromatic stacking interaction at
subsites — 5 and — 6 on the cleavage of oligosaccharides was
investigated using substrates of DP 5-8 (Table 3). Neither the
Bst-MFA nor its mutants cleaved G5. Extended hydrolysis using
Bst-MFA led to subtle hydrolysis of G6 (< 3%), while the mu-
tants exhibited slightly greater G6 conversion rates. Bst-MFA
cleaved maltoheptaose (G7) to produce two product pairs: G5/
G2 and G6/G1. The mutants cleaved G7 to produce more of the

@ Springer
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Fig. 3 Hydrolysis product analysis of corn starch by wild-type Bst-MFA
and its mutants W129A, W139L, and W139Y. a HPAEC-PAD profiles of
the released G1-G7. b Hydrolysis product ratio and the conversion rate of
corn starch. The former represents the ratio of single mass of G1~G7 to
total mass of G1~G7, and the latter represents the percentage of total mass
of G1~G7 to the initial dry mass of the substrate

G5/G2 pair and distinctly less of the G6/G1 pair. The reduced
turnover of G7 by W139A and W139L probably reflects lower
affinity for the substrate. Bst-MFA cleaved maltooctaose (G8),
to produce primarily G6/G2, with somewhat less G5/maltotriose
(G3). In contrast, the mutants cleaved G8 to produced substan-
tially more G5/G3 instead of G6/G2.

Discussion
Mutation of Trp139 alters substrate binding pattern
The variations in oligosaccharide product distribution among

Bst-MFA and its mutants are best explained by invoking al-
tered oligosaccharide binding modes and cleavage patterns,
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Table 3 Product distribution of
Bst-MFA variants acting on Substrate Products Wild-type WI139A W139L W139Y
G5~G8 Content (%)
G5 n.d.
G6 G5+Gl Slight hydrolysis (conversion rate < 3%)
G7 Gl 3. 60 +0.08 441+0.12 1.93 +£0.07 1.65+0.11
G2 13.96 £0.25 12.37 £0.18 12.11 £0.22 17.59 +£0.17
G3 1.95+0.06 7.32+0.20 924 +0.14 3.33+0.11
G4 2.94+0.10 7.14+0.07 11.01 £0.10 3.03 +0.06
G5 54.76 £ 0.47 57.30 £ 0.73 62.41 £0.52 70.75 £ 0.46
G6 22.78 +£0.21 1146 +0.12 329+0.19 3.64 +0.09
Conversion rate” 74.33 £ 0.84% 20.75 £ 0.37% 25.32 £ 1.04% 68.06 + 0.87%
G8 Gl 1.10 +£0.07 0.65+0.11 1.09 +0.09 3.29+0.16
G2 11.08 +£0.39 6.21+0.17 3.71+0.15 4.60 +0.20
G3 7.93 +0.20 19.84 +£0.21 23.65+0.28 22.54 +0.23
G4 2.52 +£0.06 3.86+0.11 4.83£0.08 5.16+0.07
G5 36.58 £0.37 62.04 +£0.74 62.43 £0.13 59.56 £ 0.61
G6 40.78 £0.45 7.40£0.12 4.29+0.10 4.85+0.24
Conversion rate 74.25+1.12% 74.18 £ 0.69% 74.62 £+ 0.98% 79.08 £ 0.85%

n.d. not detectable

#The conversion rate is based on the ratio of the total mass of the hydrolyzed product to the original mass of the

substrate

particularly in subsite — 6 (Fig. 4). G5, which was resistant to
cleavage by all of the enzymes tested, could not be bound in
productive complexes, and was likely bound to subsites — 5 to
— 1 in all enzyme forms. The binding mode of G6, which saw
only minor hydrolysis, appeared minimally altered, suggest-
ing that it bound best to subsites — 1 to — 6 with all of the
enzymes tested, and only extremely rarely formed a produc-
tive complex. The mutation of Trp139 only slightly increased
the tendency of G6 to form a productive complex. In contrast,
longer substrates seem to adopt several binding modes. G7

Substrate Major binding mode
0000000 Wild type
G8 :
0000000 Vus
000008 Wild type
G7 ; P
000000 All enzymes forms
G6 "—.—"—. All enzymes forms
G5 2 2 2 2 2 All enzymes forms

subsite | -6[ -5 [ -4]-3] 2| -1]+1] +2]

cleavage

Fig. 4 Schematics of the major substrate binding modes for G5-G8
relative to the substrate structure of the substrate-binding cleft.
Hexagons represent substrate glucosyl residues. The blue part shows
the second major binding mode of G7 by wild-type. All enzyme forms
including wild type and mutants

appears to have had two major productive binding modes:
subsites — 6 to + 1, which produced the G6/G1 product pair,
and — 5 to + 2, which produced the G5/G2 product pair.
Mutation of Trp139 appears to decrease use of the — 6 to + 1
binding mode, shifting G7 toward the — 5 to + 2 mode. G8
also appeared to have two binding modes: one from subsites —
6 to + 2, the major binding mode in Bst-MFA, and another
from subsites — 5 to reducing end. With the mutant enzymes,
modest sliding of G8 toward subsite — 5 decreased G6 pro-
duction and increased G5 production. Taken together, the re-
sults are best explained by invoking a shift in oligosaccharide
binding mode that disfavors the use of subsite — 6.

Comparison with G6-amylase and AMY1

The structure of AMY 1 and G6-amylase with substrates or sub-
strate analogs have been reported in detail (Bozonnet et al. 2007;
Kanai et al. 2004; Kanai et al. 2006; Nielsen et al. 2008; Robert
et al. 2003; Robert et al. 2005). The former transiently released
mainly G6 from starch, while the latter produced G6 as its pri-
mary product. AMY'1 possesses 10 subsites spanning from sub-
site — 6 at the nonreducing end to subsite + 4 at the reducing
end(Robert et al. 2005). The co-crystal structure of G6-amylase
with pseudo-maltononaose (pseudo-G9) indicates that the
pseudo-G9 molecule is bound from subsites — 6 to + 3. Tyr105
in AMY1 and Trpl40 in G6-amylase were both involved in
stacking interactions with the glucosyl residue at subsite — 6.
Despite the low sequence similarity shared by AMY1 and Bst-
MFA and the high sequence similarity shared by G6-amylase
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Fig. 5 Binding of acarbose with Bst-MFA (left), pseudo-G9 with G6-amylase (middle), and G7 with AMY 1 (right). The aromatic residues at subsite — 6

are colored red

and Bst-MFA, this binding manner at the nonreducing end was
relatively similar among all of these enzymes (Fig. 5). AMY,
G6-amylase, and Bst-MFA shared an S-shaped > 9-subsite cleft
with an internal barrier manifested by lack of enzyme-sugar
hydrogen bonds at subsite — 3. Remarkably, at subsite -6
Tyr105 in AMY1, Trp140 in G6-amylase and Trp139 in Bst-
MFA superimposed perfectly with a root-mean-squared devia-
tion of < 0.1 A among their backbone atoms (not shown).

The removal of an aromatic residue at the end of the
substrate-binding cleft alters a common feature in protein-
carbohydrate interactions. Tyr105 in AMY 1 delimits the bind-
ing groove at subsite — 6, and interacts with the glucosyl
residue at subsite — 6, via a stacking interaction, suggesting
that Tyr105 is critical for binding at subsite — 6. Engineering
of Tyr105 radically altered substrate specificity and product
profiles without decreasing catalytic activity. Moreover, re-
placement of Tyr105 by alanine led to a large loss in affinity
at subsite — 6 and increased affinity at subsite — 5 (Kandra
et al. 2006). In the co-crystal structure of G6-amylase with
pseudo-G9, the glucosyl residue bound to subsite — 6 was
involved in a stacking interaction with the indolyl group of
Trp140. This interaction was critical to G6 production and the
regulation of G6 degradation. Mutational analysis showed that
the production of G6 from short-chain amylose by W140L
was lower than that by W140Y or the wild-type enzyme. A
similar result was seen with starch degradation activity. Both
W140L and W140Y had significantly reduced G6 yield and
increased G5 production, although with varying degrees. In
Bst-MFA, aromatic stacking of Trp139 at subsite — 6 and — 5
was similar to those of Tyr105 in AMY1 and Trp140 in G6-
amylse, which were inferred to be involved in product speci-
ficity. In summary, the results obtained with Bst-MFA were
strikingly similar to those seen with the related enzymes
AMY 1 and G6-amylase, and they underscore a common bind-
ing phenomenon that has significant impacts on substrate-
binding mode and product specificity.

Engineering of product specificity

MFAses from diverse microorganisms have been identified
since the 1970s, and new MFAses are still being identified.

@ Springer

In the past few decades, more research effort has been fo-
cused on their properties and catalytic mechanisms, few
crystal structures of MFAses have been determined, and
there have been no reports concerning the effect of structure
on product specificity. We previously determined the struc-
ture of Bst-MFA complexed with acarbose (PDB ID:
6AGO). This structure emphasized the relationship between
subsite structure and productive substrate binding modes.
The non-reducing ends of the short-chain substrates formed
through random cleavage of starch prefer to occupy subsites
— 5 and — 6. G5 units bound to subsites — 5 to — 1 and G6
units bound to subsites — 6 to — 1 are formed as the major
products. These binding modes prevent G5/G6 from being
hydrolyzed to shorter oligosaccharides, highlighting the im-
portance of subsites — 5/— 6 for main product formation.
Based on the subsite architecture and substrate binding, we
deduced that subsites — 5 and — 6 are involved in product
specificity. The results of the mutagenesis experiments de-
scribed here are entirely consistent with this deduction.
Attenuation of the stacking interaction provided by Trp139
attenuated subsite — 6 interactions, shifting the dominant
binding mode of the reducing end of substrate oligosaccha-
rides like G7 and G8 toward subsite — 5. This shift resulted
in a decrease in G6 production and an increase in G5 pro-
duction. Thus, protein engineering of subsites — 5 and — 6
can be used to manipulate product specificity by changing
substrate binding modes. For example, mutations that
strengthen interactions between enzyme and substrate at sub-
site — 5 or/and weaken binding at subsite — 6 should in-
crease G5 production, while enhancing interactions in sub-
site — 6 should increase G6 production. In future work, we
intend to turn our attention to residues nearby Trp139, espe-
cially those residues involved in hydrogen-bounded interac-
tions in subsites — 5 and — 6.
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