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Mutations on Aromatic Residues of the Active Site To Alter
Selectivity of the Sulfolobus solfataricus — Maltooligosyltrehalose
Synthase
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Mutations Y290F, Y367F, F405Y, and Y409F located near subsite +1 were constructed in
maltooligosyltrehalose synthase (MTSase) to alter the selectivity of the enzyme. These mutations
were designed to evaluate the effects of hydrophobic interactions and/or hydrogen bondings on
transglycosylation and side hydrolysis reactions. The catalytic efficiencies of Y290F MTSase for
hydrolysis and transglycosylation reactions were only 6.6 and 5.6%, respectively, of those of wild-
type MTSase, whereas the catalytic efficiencies of Y367F MTSase were decreased by about half.
F405Y MTSase had similar catalytic efficiencies for transglycosylation and a somewhat lower catalytic
efficiency for hydrolysis. Y409F MTSase had somewhat lower catalytic efficiencies for the transgly-
cosylation and a similar catalytic efficiency for hydrolysis. Y290F and Y367F MTSases had large
changes in A(AG), suggesting that there are hydrogen bonds between the substrate and residues
Y290 and Y367 of wild-type MTSase. Compared with wild-type MTSase, F405Y MTSase had
decreased ratios of hydrolysis to transglycosylation, whereas Y290F, Y367F, and Y409F MTSases
had increased ratios. These results suggest that use of F405Y MTSase might result in a higher yield
of trehalose production from starch when it replaces wild-type MTSase.

KEYWORDS: Maltooligosyltrehalose synthase; selectivity; site-directed mutagenesis; trehalose; substrate
specificity; Sulfolobus

INTRODUCTION ligosaccharides with lower molecular weight. Both MTSase and
Trehalose (oB-glucopyranosyl-oe-glucopyranoside) is a MTHase a_lso catalyze a side reaction to hydrolyze maltooli-
nonreducing sugar that consists of afl,1 linkage between  gosaccharides to release glucose.
two glucose molecules. The sugar is gaining more applications  In a previous study, thermophilic MTSase and MTHase were
in many different areas, such as a sweetener componentcombined with a debranching enzyme to produce trehalose from
preservative or stabilizer for food, cosmetics, and medicibes ( starch, and the yield of trehalose was limited to below 82%
Two thermostable enzymes were involved in the production due to the side hydrolysis reactions catalyzed by MTSase and
of trehalose from starch (2—4). One is maltooligosyltrehalose MTHase (5-7). The process of producing trehalose from starch
synthase (MTSase, also known as trehalosyl dextrin-forming is similar to those of producing other sugars, such as glucose.
enzyme or glycosyltrehalose-producing enzyme), which mainly The glucose yield in saccharification can be further enhanced
catalyzes an intramolecular transglycosylation reaction to form from ~95 to 98% through the alterations of the substrate
maltooligosyltrehaloses from maltooligosaccharides by convert- specificity of glucoamylase by site-directed mutagenesis (
ing thea-1,4-glucosidic linkage at the reducing end tooaf, 1- 10). If the substrate specificities of both MTSase and MTHase,
glucosidic linkage. The other is maltooligosyltrehalose treha- such as the selective reductions in the side hydrolysis reactions,
lohydrolase (MTHase, also known as trehalose-forming enzyme can be altered, the yield of trehalose production from starch

or glycosyltrehalose-hydrolyzing enzyme), which mainly cleaves might be enhanced in a similar way to the production of glucose
thea-1,4-glucosidic linkage next to the-1,1-glucosidic linkage  from starch by glucoamylase.

of maltooligosyltrehalose to produce trehalose and the maltoo- The substrate specificity of an enzyme is determined by its
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Figure 1. Schematic representation of the proposed hydrogen bonds
between the S. acidocaldaricus MTSase and a substrate with an a-1,4-
linkage (13). The subsites are numbered according to the general subsite
labeling scheme proposed for all glycosyl hydrolases (28), in which the
substrate reducing end is at position +1. The corresponding residues in
S. solfataricus ATCC 35092 are shown in parentheses.

that MTSase fronsulfolobus solfataricukM1 has 10 glucosyl

binding subsites with the catalytic site located between subsites

—1 and +1 (12). The Sulfolobus acidocaldaricuMTSase

catalytic domain contains two external segments and an

incomplete (S/og-barrel structure, which is similar to thg/(
a)g-barrel structure shared amongamylase family enzymes
(13). The carboxy edge of the centfhasheet forms the bottom

Fang et al.

Table 1. Nucleotide Sequences of Primers Used in Site-Directed
Mutagenesis?

mutation
Y290F

nucleotide sequence of primer (5'—3')

Fb: GGAAAGTAGATGGTACTACTGGATTTGATTTCCTGAACTACG
R CGTAGTTCAGGAAATCAAATCCAGTAGTACCATCTACTTTCC

Y367F  F: CTAGCATGTATGAAAAAATTCAGGACGTATTTACCATATGAGG
: CCTCATATGGTAAATACGTCCTGAATTTTTTCATACATGCTAG

R

F: CAATACATGCCAGCAATCTACGCTAAGGGCTATGAGG
R: CCTCATAGCCCTTAGCGTAGATTGCTGGCATGTATTG
F
R

F405Y

Y409F : CTTCGCTAAGGGCTTTGAGGATACTACCC

: GGGTAGTATCCTCAAAGCCCTTAGCGAAG

aNucleotides for the designed MTSase mutations are shown in bold. ? Forward
primer. ¢ Reverse primer.

purchased from Stratagene (La Jolla, CA). Glucosg, (Baltose (G),
maltotriose (@), maltotetraose (§, maltopentaose (5 maltohexaose
(Ge), maltoheptaose (£ glucoamylase, 3,5-dinitrosalicylic acid (DNS),
bovine serum albumin (BSA), isopropgtp-thiogalactoside (IPTG),
and benzamidine were supplied by Sigma (St. Louis, MO). Ultrafree-
15 and Microcon centrifugal filter units were obtained from Millipore
(Bedford, MA). Sephacryl S-200 HR and protein low molecular weight
standards were from Amersham Pharmacia Biotech (Piscataway, NJ).
Site-Directed Mutagenesis.The MTSase gene in the previously
constructed vector pET-15hH-treY (15) was mutated by Polymerase
Chain Reaction (PCR) according to the instructions of the QuickChange
XL Site-Directed Mutagenesis Kit. The designed mutations were
included in the forward/reverse primer pairs as listedable 1. By

of the active-site cleft, and residues Asp228, Glu255, and this methodDpnl endonuclease—which is specific for methylated and
Asp443—which correspond to the catalytic residues of the hemimethylated DNA—is used to digest the parental DNA template
a-amylase family enzymes—are located conservatively at the and to select the PCR-amplified DNA (16).
bottom of the cleft {3). According to the information from Expression of MTSase Wild-type and mutant pET-15hH-treY
CAZy, a World Wide Web resource on glycosyl hydrolases at vectors were transformed inte. coli Rosetta (DE3) to express wild-
http://afmb.cnrs-mrs.fr/CAZY/, these MTSases have been previ- type and mutant MTSases, respectively, as previously descriisgd (
ously classified in family 13 of glycosyl hydrolases. Families Preparation of Cellfree Extract. Frozen cells (6 g) expressing wild-
13, 70, and 77 in this classification constitute themylase type and mutant MTSases were suspended in 18 mL of lysis buffer
family, which contains functionally and structurally related containing 20 mM Tris-HCI, pH 8.0, and 1 mM benzamidine. The
enzymes (14). Homology analysis and understanding of the suspended cells were disrupted using a French Press disruptor (Sim-
three-dimensional structure of MTSase make site-directed Aminco, Rochester, NY) at 20000 psi. The cellfree extract was then
mutadenesis nossible to alter MTSase selectivity with a reduceclprepared by removing the insoluble fractions from the supernatant of
utag P . y Wi the above mixture by centrifugation at 1000f@g 2 h.

side hydrolysis reaction in order to meet the requirements for e ! .

. Purification of MTSase. Heat treatment was first used to precipitate
trehalose production from starch.

. most of the undesired proteins by incubating the cellfree extract at 80
The MTSase fron$. solfataricuATCC 35092, also known °C water bath for 1 h followed by centrifugation to remove the heat-

as P2, has been purified and characterized in our previous study{apjile proteins. A 10% (w/v) streptomycin sulfate stock solution was
(15). Our previous results suggested that the hydrolysis reactionthen added to a final concentration of 1% (w/v) to precipitate the nucleic
of MTSase was one of the major factors causing the decreaseacids. After centrifugation at 100§0for 1 h, the supernatant was
in the yield of trehalose production from starch5j. The dialyzed against 20 mM Tris-HCI buffer, pH 8.5, and was subsequently
decreases in the ratios of hydrolysis to transglycosylation may loaded onto a Q-Sepharose column (k610 cm), which was pre-
enhance the vyield of trehalose production from starth).( equilibrated with a buffer of the same composition as the above dialysis
According to the hypothetical binding mode of carbohydrates buffer. The column was first washed thoroughly with the same buffer
in the active site pocket @&. acidocaldaricusTSase proposed qnnl the ab_sorbance of 260 nm _became almost undetectable. Then, a
. . . h . linear gradient of 0—0.5 M NacCl in the above buffer was used to elute
by Kobayashi et al.Rigure 1) (13), several amino acid residues

| d bsite1 of th - - Ith ; the bound proteins. The eluted fractions containing enzyme activity
ocated near subsitel of the active site may control the rotation  ere collected and concentrated for further purification by gel filtration.

of the cleaved glucose unit prior to the reconnection of the The concentrated sample was loaded onto a Sephacryl S-200 HR
cleaved glucose unit and the remnant to fornuar1,1-linkage. column (1.6x 60 cm) previously equilibrated with a buffer containing

In this study, site-directed mutagenesis was used to construct20 mM Tris-HCI, pH 8.0, and 0.2 M NaCl. The eluted fractions
four mutations near subsite-1 of the active site ofS. containing enzyme activity were collected for the investigations of the
solfataricus ATCC 35092 MTSase in order to decrease the substrate specificities and kinetic parameters.

hydrolysis reaction, and we investigated the substrate specifici- Purity of Wild-Type and Mutant MTSases. The purity of the

ties and kinetic parameters of the wild-type and mutant enzymesenzyme was analyzed by sodium dodecy! sutfggelyacrylamide gel

on both transglycosylation and hydrolysis reactions. electrophoresis (SDS-PAGE; 6—12% gradient minigel) according to
the method of Laemmlil(7). Phosphorylase (97 kDa), bovine serum

albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (32
kDa) were used as molecular mass standards. The purity of wild-type

Materials. Escherichia coliRosetta (DE3) was from Novagen and mutant MTSases i895% as indicated by SDS-PAGFiQure
(Madison, WI). A QuickChange XL Site-Directed Mutagenesis Kitwas 2).

MATERIALS AND METHODS
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Figure 2. SDS-PAGE of purified wild-type and mutant MTSases. A 6—12%
gradient minigel was stained with Coomassie Brilliant Blue R-250: lane
M, molecular weight standards; lanes 1-5, wild-type, F405Y, Y290F,
Y367F, and Y409F MTSases, respectively.

Transglycosylation Reaction AssayThe transglycosylation reaction
assay was modified from the procedures described previod8ly (
Maltooligosaccharides with degrees of polymerization (DP) 673
(14 mM) were incubated with MTSase in 50 mM citrate—phosphate
buffer at pH 5 and 60C for 5 min. The amounts of residual reducing
sugars, which were determined according to the DNS metht&)dwith
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*

S. solfataricus ATCC35092 279 RDDWKVDGTTGYDFLNYVNM298
S. solfataricus MT4 29RDDWKVDGTTGYDFLNYVNM298
S. solfataricus KMl 29 RDDWKVDGTTGYDFLNYVNM298
S. shibatac 279 RDDWKVDGTTGYDFLNYVNM298
S. acidocaldarius 266KLN. . SDGTTGYDFLNYSNL 282
S. tokodaii 25TRWDEFE . IDGTTGYDFLNYSNL27S
*
S. solfataricus ATCC35092 359 DFLACMKKYRTYLPYEDING 373
S. solfataricus MT4 359 DFLACMKKYRTYLPYEDING 373
S. solfataricus KMl 399 DFLACMKKYRTYLPYEDING 373
S. shibatac 359 DFLACMKKYRTYLPFEDING 373
S. acidocaldarius 34IDYLSCIDVYRTYANQ . . I. .35
S. tokodaii 332 EFLSCLKVYRTYITENDEFRD 346

* *
394 IMRLQQYMPAIFAKGYEDTT 413
394 IMRLQQYMPAIFAKGYEDTT 413
394 IMRLQQYMPAIFAKGYEDTT 413
394 ITMRLQQYMPAIFAKGYEDTT 413
377YTKLQQYMPAVYAKAYEDTF 39
367 FMKLQQYMPAVFAKAYEDTV 38
Figure 3. Comparison of partial amino acid sequences near four aromatic
residues mutated in this study. The four aromatic residues mutated in
this study are marked with asterisks (*). Identical residues among MTSases
from six different strains are shown in boldface. The deduced amino acid
sequence of MTSase from S. solfataricus MT4 was from de Pascale et
al. (29); the others were obtained from the TrEMBL protein database on

. solfataricus ATCC35092
. solfataricus MT4
solfataricus KMl

. shibatae

. acidocaldarius

. tokodaii

S N S

maltooligosaccharides as standards, were used to determine the amounthe website http://pir.georgetown.edu/pirwwwi/search/pimref.shtml under
of maltooligosyltrehaloses produced by MTSase because MTSasethe following NREF IDs: NF00193302 for S. solfataricus ATCC35092,
converts maltooligosaccharides, the compounds with reducing power, NEg0193391 for S. solfataricus KM1, NF00190809 for S. shibatae,

to maltooligosyltrehaloses, the compounds without reducing power.
Hydrolysis Reaction AssayMaltooligosaccharides of DP-37 (14

mM) were incubated with MTSase in 50 mM citratphosphate buffer

at pH 5 and 6C°C for 1 h. The reactions were stopped by adding 0.4

volume of 4 M Tris-HCI buffer at pH 8.0 and incubating the mixture

NF00190642 for S. acidocaldaricus, and NF00781958 for S. tokodaii.

cleaved glucose unit and the remnant to fornwam1,1-linkage
(Figure 1) (13). We chose four aromatic amino acid residues,
Y274, Y349, Y388, and Y392, near subsitd as the targets

inthe bOiIing-Watel' bath for 10 min. The released glucose was measuredfor site-directed mutagenes|s to decrease the side hydr0|y5|s

by the glucose oxidase method (19).

Enzyme Kinetics. The initial rates for hydrolysis of &and
transglycosylation of G-G; were determined at 60C in 50 mM
citrate—phosphate buffer at pH 5 by using B0 substrate concentra-
tions ranging from 0.Ky to 8Ky. Samples taken at five different time
intervals were stopped by adding 4 M Tris-HCI buffer, pH 8.0 (used
for hydrolysis of G) or DNS (used for transglycosylation of,GGy).

reaction. On the basis of the binding model, Y274 and Y349
could form a hydrogen bond with O1 and O3, respectively, of
the glucose unit on the reducing end of the bound carbohydrate.
The tyrosine residue of position 388 i8. acidocaldarius
MTSase was replaced by phenylalanine in other MTSases from
the Sulfolobugyenus Figure 3). Y274, Y349, Y388, and Y392

The released glucose and the molar concentrations of the convertedof S. acidocaldariusMTSase correspond to Y290, Y367, F405,
maltooligosyltrehaloses were determined as described in the methodsand Y409 ofS. solfataricuATCC 35092 MTSase, respectively
of hydrolysis and transglycosylation reaction assays, respectively. (Figure 3). Mutations Y290F and Y367F were designed to

Values ofkeo and Ky were calculated by fitting the initial rates as a
function of substrate concentration to the Michaeléenten equation
using Enzfitter software (Elsevier-Biosoft). The change of transition-
state binding energyA(AG)] for substrate hydrolysis caused by the

mutation was used to estimate the binding strength of the substrate in

the transition-state complex and was calculated by the equation
(AG) = —RT In[(Kcal Km)mut (Keal Km)wi], Where the subscripts mut and
wt denote mutant and wild-type enzymes, respectively (20).
Protein Concentration Measurement.Protein concentration was
guantitated according to Bradford’s meth@d)with BSA as standard.
Circular Dichroism (CD) Measurements. CD spectra were mea-

sured from 200 to 260 nm at room temperature by a J810 CD

verify the existence of hydrogen bonds between substrate and
residues Y290 and Y367 and also to evaluate the effects of both
hydrogen bonds and hydrophobic interactions on transglyco-
sylation and side hydrolysis reactions. Mutations F405Y and
Y409F were designed to evaluate the effects of hydrophobic
interactions on transglycosylation and side hydrolysis reactions.
Secondary Structure Analysis CD spectra of wild-type and
mutant MTSases were essentially identi¢ag(re 4), suggest-
ing the absence of long-range conformational changes as a
consequence of mutation.
Substrate Specificities of Wild-Type and Mutant MTSases.

spectrometer (Jacso, Tokyo, Japan). The concentration of wild-type or p comparison of the substrate specificities among DF7 3

mutant MTSase was 0.2 mg/mL in 20 mM Tris-HCI, pH 8.0.

RESULTS

Mutation Design and Comparison of Amino Acid Se-
guences of Several MTSases from th8ulfolobusGenus.On

maltooligosaccharides for wild-type and mutant MTSases is
shown inTable 2. For both transglycosylation and hydrolysis
reactions, the maltooligosyltrehalose and glucose formation rates
of mutant MTSases were in general lower than those of wild-
type MTSase (Table 2). The maltooligosyltrehalose formation

the basis of the hypothetical binding mode of carbohydrates in rates of mutant MTSases generally became higher when the

the active site pocket d&. acidocaldariusMTSase proposed

DP of the substrates increased, which is in a way similar to

by Kobayashi et al., several amino acid residues located nearthose of wild-type MTSase. Additionally, the glucose formation
subsitet1 of the active site are expected to control the rotation rates of mutant MTSases generally became higher when the
of the cleaved glucose unit prior to the reconnection of the DP of the substrates decreased, which is also in a way similar
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Figure 4. CD spectra of purified wild-type and mutant MTSases. CD
spectra were measured from 200 to 260 nm at room temperature. The
concentration of MTSase used was 0.2 mg/mL in 20 mM Tris-HCI, pH
8.0.

Table 2. Substrate Specificities of Wild-Type and Mutant MTSases for
Hydrolysis and Transglycosylation of G3—G; at 60 °C in 50 mM Citrate
Phosphate Buffer, pH 5

hydrolysis, transglycosylation,

MTSase form glucose formation maltooligosyltrehalose ratio of
substrate rate (mol/ formation rate HITa
(14 mM) mol of MTSase-s) (mol/mol of MTSase-s) (%)

wild-type

G3 9.31+0.53" 456+2.6 204
Gs 2.22+0.06 116 2 1.92
Gs 1.85+0.14 259+5 0.71
Ge 0.94 +0.04 242+10 0.39
Gy 0.94 +0.09 293+6 0.32
Y290F
Gs 0.45+0.12 1.89+0.21 23.8
Gy 0.36 +0.01 8.07 +2.52 45
Gs 051+0.10 57.1+42 0.89
Gs 0.13+0.01 34.0+6.9 0.38
Gy 0.15+0.02 46.0+6.8 0.33
Y367F
Gs 3.94+0.26 12509 316
Ga 2.21+0.04 435+64 5.08
Gs 231+0.19 177 £ 20 1.30
Gs 1.25+0.04 147+ 15 0.85
Gy 1.31+0.03 219+ 17 0.60
F405Y
Gs 723+0.14 36.0£0.8 20.1
Gs 159+0.12 91.3+45 1.74
Gs 1.31+0.10 210+ 10 0.63
Gs 0.59 £0.06 202+5 0.29
Gy 0.65+0.08 239+8 0.27
Y409F
G3 8.07 +0.65 357+54 22.6
Gs 2.07+0.10 943+50 2.20
Gs 1.56 + 0.07 210+8 0.74
Gs 0.92+£0.05 220+9 0.42
Gy 0.99 +0.02 292+4 0.34

aRatio of hydrolysis to transglycosylation. ® Mean + SD from triple experiments.

to those of wild-type MTSase. The ratios of hydrolysis to
transglycosylation of g-G; for F405Y MTSase were lower
than those of wild-type MTSase; however, the ratios of
hydrolysis to transglycosylation of&&G7 for Y290F, Y367F,
and Y409F MTSases were higher than those of wild-type
MTSase.

Enzyme Kinetics. Kinetic parameters ¢k andKy) for the
hydrolysis of G and transglycosylation of &5 G; at 60°C and
pH 5 are given inTable 3. Y290F and Y367F MTSases were
not very active compared with wild-type MTSase; therefore,
only the reaction rates for the hydrolysis og @nd transgly-
cosylation of G were measured. Wild-type, F405Y, and Y409F

Fang et al.

MTSases ha#l., values for transglycosylation increasing rapidly
with increasing DP from Gto Gs to a relatively constant value
with longer substrates. Conversel§y values decreased rapidly
with increasing DP from Gto Gs, falling only slowly beyond
that point.

Y290F MTSase had a significantly lowé&s value and a
significantly higheiKy, value for the hydrolysis of gthan those
of wild-type MTSase. In addition, Y290F MTSase had a
significantly lowerk.s value and a slightly highdfy value for
the transglycosylation of &than those of wild-type MTSase.
As a result, the catalytic efficiencies for hydrolysis and
transglycosylation reactions were only 6.6 and 5.6%, respec-
tively, of those of wild-type MTSase\(AG) values were 7.52
and 7.97 kJ/mol for the hydrolysis ofs@nd transglycosylation
of G, respectively.

Y367F MTSase had a somewhat lowey value and a
significantly higherky, value than those of wild-type MTSase
for the hydrolysis of G and a significantly lowek., value and
a slightly lowerKy value for the transglycosylation ofgGThe
catalytic efficiencies for these two reactions were generally about
half of those of wild-type MTSaseA(AG) values were 2.08
and 2.11 kJ/mol for the hydrolysis of;Gnd the transglyco-
sylation of G, respectively.

FA05Y MTSase hall.;;values andy values similar to those
of wild-type MTSase, except that tt&, value for the hydrolysis
of Gz was somewhat higher than those of wild-type MTSase.
This led to similar catalytic efficiencies for the transglycosylation
of G4,—G7 and a somewhat lower catalytic efficiency for the
hydrolysis of G. A(AG) values were slightly negative for the
transglycosylation of Gand between 0.09 and 0.53 kJ/mol
otherwise.

Y409F MTSase ha#l., values for the transglycosylation of
G4—Gy slightly lower than those of wild-type MTSase alg
values similar to those of wild-type MTSase. Thg: andKy
values for the hydrolysis of Swere similar to those of wild-
type MTSase. This led to somewhat lower catalytic efficiencies
for the transglycosylation of 5-G; and a similar catalytic
efficiency for the hydrolysis of @ A(AG) values ranged from
0.03 and 1.13 kJ/mol.

DISCUSSION

Residues 290, 367, 405, and 409 were mutated to study how
the hydrogen bonds and/or hydrophobic interactions between
enzyme and substrate affect MTSase selectivity. The mutations
on the above residues including Y290F, Y367F, F405Y, and
Y409F are all very conservative mutations.

Substitutions of phenylalanine at positions 290 and 367 were
designed to remove the proposed hydrogen bonds bet®&een
solfataricusATCC35092 MTSase and substrate. We calculated
the transition-state energy to estimate the binding strength of
the enzyme—substrate complex in the transition state. As some
earlier studies pointed out, the change of transition-state energy,
A(AG), associated with the loss of a hydrogen bond between
uncharged groups on the substrate and enzyme is between 2.1
and 6.3 kJ/mol, whereas that for loss of a hydrogen bond
between an uncharged group on the substrate and a charged
group on the enzyme is between 14.6 and 18.8 kJ/md 13,

In this study, the large changes X{AG) for G; hydrolysis
and for G transglycosylation by Y290F MTSase, 7.52 and 7.97
kJ/mol, respectively, and Y367F MTSase, 2.08 and 2.11 kJ/
mol, respectivelyTable 3), are close to the loss of an uncharged
hydrogen bond between MTSase and the substrate in the
transition state. These results suggested that there are hydrogen
bonds between substrate and residues Y290 and Y367 on the
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Table 3. Kinetic Parameters of Wild-Type and Mutant MTSases for Hydrolysis of G; and Transglycosylation of G,—G- at 60 °C in 50 mM Citrate
Phosphate Buffer, pH 52

hydrolysis transglycosylation
MTSase form Gs Gy Gs Ge Gy
wild-type
Keat (574 440+13b 138+ 4 364+7 359 +13 383+ 14
K (mM) 413+3.0 132+09 5.94 +0.27 453+041 3.88+0.38
Keal K (s mM~1) 1.06 +0.05 104+04 61.2+0.38 79.2+47 98.8 6.6
Y290F
Keat (574 9.48+0.75 265+14
K (mM) 134 +17 6.00+0.76
Keal K (s~ mM~1) 0.070 +0.007 4.45+0.36
A(AG)° (kdimol) 7.52 7.97
Y367F
Keat (57%) 359+13 139+5
K (mM) 71.8+5.2 3.78+0.35
Keal Kt (s~ mM~1) 0.500 +0.020 369+24
A(AG) (kJImol) 2.08 211
F405Y
Keat (574 474+19 139+£13 354+9 362+9 363+ 13
K (mM) 541+49 116+20 6.34 +0.45 490+0.31 380037
Keal Kt (s~ mM~1) 0.876 +0.050 120+11 55.8+ 2.6 740+31 95.6 6.3
A(AG) (kd/mol) 0.53 -0.40 0.26 0.19 0.09
Y409F
keat (s74) 449+21 114+6 267 +8 330+10 282+ 9
Ku (MM) 428+49 16.1+17 5.85+0.42 6.26 + 0.48 38+04
Keal K (s~ mM~1) 1.05 +0.08 7.07 £0.40 455+2.1 52.7+27 745+49
A(AG) (kJimol) 0.03 1.07 0.82 1.13 0.78

aY290F and Y367F MTSases were not very active compared with wild-type MTSase; therefore, only the reaction rates for the hydrolysis of Gz and the transglycosylation
of Gg were measured. b Standard error. ¢ Change of transition-state energy: A(AG) = —RT In[(Keat Kv)mut/(Keat/ K)wi] (20).

wild-type MTSase ofS. solfataricusATCC 35092. However, Making mutations near the substrate-binding site could dramati-
mutations F405Y and Y409F showed sm&{AG) values, from cally increase the success rate to change the substrate specificity
—0.4 to 1.13 kJ/mol, indicating that these two mutations had compared to those of distant oneg2) Several studies
only minor effects on transition-state substrate binding. demonstrated that active site hydrophobicity could affect the
The loss of the hydrogen bonds between substrate andcatalytic activity and/or substrate binding of an enzyr28-
residues Y290 and Y367 might contribute to the seriously 27). Our results also suggested that manipulating the strengths
decreased catalytic efficiencies of Y290F and Y367F MTSases of hydrophobic interactions near subsitd of MTSase active
(Table 3). Compared to wild-type MTSase, Y290F and Y367F site might play a role in changing the ratios of hydrolysis to
MTSases also had increased ratios of hydrolysis to transglyco-transglycosylation for substrates-8G;. For mutations Y290F
sylation for substrates G (Table 2). Substituting pheny-  and Y367F, the loss of hydrogen bonds might also contribute
lalanine at residues Y290 and Y367 not only removed the to the increased ratios of hydrolysis to transglycosylation for
hydrogen bonds between enzyme and substrate but also providegubstrates &-G.
slightly increased hydrophobic interactions between enzyme and  |n conclusion, in this study we have confirmed the existence
substrate. of two hydrogen bonds between substrate and enzyme at
Residue F405 irS. solfataricusATCC35092 MTSase is  positions Y290 and Y367. MTSase selectivity could be changed
equivalent to residue Y388 5. acidocaldariusMTSase by altering hydrogen bonding and/or hydrophobic interactions
(Figures 1and?2). Mutation F405Y was designed to create a between substrate and enzyme at positions near subsitef
slightly decreased hydrophobic interaction between MTSase andthe enzyme-substrate complex. Decreasing hydrophobic inter-
substrate. Indeed, F405Y MTSase showed decreased ratios ofictions between substrate and the enzyme led to the decreased
hydrolysis to transglycosylation for substrates-@& (Table ratios of hydrolysis to transglycosylation for F405Y MTSase,
2). whereas increasing hydrophobic interactions and/or removing
On the other hand, mutation Y409F was designed to have ahydrogen bonding resulted in the increased ratios of hydrolysis
slightly increased hydrophobic interaction between MTSase andto transglycosylation for Y290F, Y367F, and Y409F MTSases.
substrate. YA09F MTSase showed increased ratios of hydrolysisin addition, FA05Y MTSase has similar catalytic efficiencies
to transglycosylation for substrates-6G; (Table 2). for the transglycosylation of $-G; and a somewhat lower
According to the model suggested by Kobayashi et al., severalcatalytic efficiency for the hydrolysis of £ F405Y MTSase
amino acid residues located near subsite of the active site showed a potential to replace wild-type MTSase to be used in
may control the rotation of the cleaved glucose unit prior to combination with other enzymes for the production of trehalose
the formation of an,a-1,1-linkage (Figure 1) {3). Y290F, from starch with a higher yield.
Y367F, and Y409F MTSases had slightly increased hydrophobic
interactions between enzyme and substrate compared to that of, s o=y iATIONS USED
wild-type MTSase, and they also had increased ratios of
hydrolysis to transglycosylation. F405Y MTSase had slightly =~ MTSase, maltooligosyltrehalose synthase; MTHase, malto-
decreased hydrophobic interactions between enzyme and subeligosyltrehalose trehalohydrolase;, @lucose; G, maltose; G,
strate compared to that of wild-type MTSase, and this mutant maltotriose; G, maltotetraose; & maltopentaose; £ malto-
also had decreased ratios of hydrolysis to transglycosylation. hexaose; @ maltoheptaose; DNS, 3,5-dinitrosalicylic acid;
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BSA, bovine serum albumin; IPTG, isoprop§ie-thiogalac-
toside; DP, degree of polymerizatioly(AG), change of
transition-state energy; CD, circular dichroism; SDS-PAGE,
sodium dodecy! sulfate—polyacrylamide gel electrophoresis.

ACKNOWLEDGMENT

We thank Dr. H.-L. Liu for help with the CD measurements.

LITERATURE CITED

(1) Richards, A. B.; Krakowka, S.; Dexter, L. B.; Schmid, H.;

Wolterbeek, A. P.; Waalkens-Berendsen, D. H.; Shigoyuki, A.;

Kurimoto, M. Trehalose: a review of properties, history of use

and human tolerance, and results of multiple safety stuBsd

Chem. Toxicol2002,40, 871—898.

Kato, M.; Miura, Y.; Kettoku, M.; Shindo, K.; lwamatsu, A.;

Kobayashi, K. Purification and characterization of new trehalose-

producing enzymes isolated from the hyperthermophilic archae,

Sulfolobus solfataricusKM1. Biosci., Biotechnol., Biochem.

1996, 60, 546—550.

Nakada, T.; Ikegami, S.; Chaen, H.; Kubota, M.; Fukuda, S.;

Sugimoto, T.; Kurimoto, M.; Tsujisaka, Y. Purification and

characterization of thermostable maltooligosyl trehalose synthase

from the thermoacidophilic archaebacteriuBulfolobus aci-

docaldarius Biosci., Biotechnol., Biocherm996,60, 263-266.

Nakada, T.; Ikegami, S.; Chaen, H.; Kubota, M.; Fukuda, S.;

Sugimoto, T.; Kurimoto, M.; Tsujisaka, Y. Purification and

characterization of thermostable maltooligosyl trehalose treha-

lohydrolase from the thermoacidophilic archaebacteribut-
folobus acidocaldariusBiosci., Biotechnol., Biochert996,60,

267-270.

Kato, M. Trehalose production with a new enzymatic system

from Sulfolobus solfataricukM1. J. Mol. Catal. B1999, 6,

223-233.

Kobayashi, K.; Komeda, T.; Miura, Y.; Kettoku, M.; Kato, M.

Production of trehalose from starch by novel trehalose-producing

enzymes fronSulfolobus solfataricukM1. J. Ferment. Bioeng.

1997,83, 296—298.

Mukai, K.; Tabuchi, A.; Nakada, T.; Shibuya, T.; Chaen, H.;

Fukuda, S.; Kurimoto, M.; Tsujisaka, Y. Production of trehalose

from starch by thermostable enzymes fr@uifolobus acidocal-

darius. Starch/Staerkd 997,49, 26-30.

Fang, T. Y.; Coutinho, P. M.; Reilly, P. J.; Ford, C. Mutations

to alter Aspergillus awamoriglucoamylase selectivity. I.

Tyr48Phe49—Trp, Tyrl16—Trp, Tyrl75—Phe, Arg241—Lys,

Ser411—Ala and Ser4%1Gly. Protein Eng.1998,11, 119—

126.

Fang, T. Y.; Honzatko, R. B.; Reilly, P. J.; Ford, C. Mutations

to alterAspergillus awamorglucoamylase selectivity. Il. Muta-

tion of residues 119 and 12Protein Eng.1998,11, 127—133.

(10) Ford, C. Improving operating performance of glucoamylase by
mutagenesisCurr. Opin. Biotechnol1999,10, 353—357.

(11) Fersht, A. R.; Shi, J. P.; Knill-Jones, J.; Lowe, D. M.; Wilkinson,
A. J.; Blow, D. M.; Brick, P.; Carter, P.; Waye, M. M.; Winter,
G. Hydrogen bonding and biological specificity analysed by
protein engineeringNature 1985,314, 235—238.

(12) Kato, M.; Takehara, K.; Kettoku, M.; Kobayashi, K.; Shimizu,
T. Subsite structure and catalytic mechanism of a new glyco-
syltrehalose-producing enzyme isolated from the hyperthermo-
philic archaeumsSulfolobus solfataricukM1. Biosci., Biotech-
nol., Biochem2000,64, 319—326.

@)

@)

(4)

®)

(6)

@)

®)

9)

Fang et al.

(13) Kobayashi, M.; Kubota, M.; Matsuura, Y. Refined structure and
functional implications of trehalose synthase fr@ulfolobus
acidocaldarius.J. Appl. Glycosci2003,50, 1-8.

(14) MacGregor, E. A.; Janecek, S.; Svensson, B. Relationship of
sequence and structure to specificity in the alpha-amylase family
of enzymesBiochim. Biophys. Act2001,1546, +20.

(15) Fang, T. Y.; Hung, X. G.; Shih, T. Y.; Tseng, W. C. Charac-
terization of the trehalosyl dextrin-forming enzyme from the
thermophilic archaeorSulfolobus solfataricUATCC 35092.
Extremophile2004,8, 335—343.

(16) Nelson, M.; McClelland, M. Use of DNA methyltransferase/
endonuclease enzyme combinations for megabase mapping of
chromosomesMethods Enzymoll992,216, 279—303.

(17) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage Wéture 1970,227,
680—685.

(18) Miller, G. L. Use of dinitrosalicilic acid reagent for determination
of reducing sugarAnal. Chem1959,31, 426—428.

(19) Rabbo, E.; Terkildsen, T. C. Enzymic determination of blood
glucose.Scand. J. Clin. Lab. Invesf.960,12, 402—407.

(20) Wilkinson, A. J.; Fersht, A. R.; Blow, D. M.; Winter, G. Site-
directed mutagenesis as a probe of enzyme structure and
catalysis: tyrosyl-tRNA synthetase cysteine-35 to glycine-35
mutation.Biochemistry1983,22, 3581—3586.

(21) Bradford, M. M. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein—dye bindingAnal. Biochem1976,72, 248—254.

(22) Morley, K. L.; Kazlauskas, R. J. Improving enzyme properties:
when are closer mutations bettéffends BiotechnoR005,23,
231-237.

(23) Erlandsen, H.; Bjorgo, E.; Flatmark, T.; Stevens, R. C. Crystal
structure and site-specific mutagenesis of pterin-bound human
phenylalanine hydroxylas&iochemistry200Q 39, 2208-2217.

(24) Fierke, C. A.; Calderone, T. L.; Krebs, J. F. Functional

consequences of engineering the hydrophobic pocket of carbonic

anhydrase |IBiochemistry1991,30, 11054—11063.

Suzukawa, K.; Yamagami, T.; Ohnuma, T.; Hirakawa, H.;

Kuhara, S.; Aso, Y.; Ishiguro, M. Mutational analysis of amino

acid residues involved in catalytic activity of a family 18

chitinase from tulip bulbsBiosci., Biotechnol., Biocher2003,

67, 341—346.

Li, C. H.; Tu, S. C. Active site hydrophobicity is critical to the

bioluminescence activity dfibrio harveyiluciferase Biochem-

istry 2005,44, 12970—12977.

Siddiqi, F.; Bourque, J. R.; Jiang, H.; Gardner, M.; St Maurice,

M.; Blouin, C.; Bearne, S. L. Perturbing the hydrophobic pocket

of mandelate racemase to probe phenyl motion during catalysis.

Biochemistry2005,44, 9013—9021.

(28) Davies, G. J.; Wilson, K. S.; Henrissat, B. Nomenclature for
sugar-binding subsites in glycosyl hydrolagg®chem. J1997,

321, 557—-559.

(29) de Pascale, D.; Sasso, M. P.; Lernia, |. D.; Lazzaro, A. D.; Furia,
A.; Farina, M. C.; Rossi, M.; De Rosa, M. Recombinant
thermophilic enzymes for trehalose and trehalosyl dextrins
production.J. Mol. Catal. B2001,11, 777—786.

(25)

(26)

@7

Received for review January 19, 2006. Revised manuscript received
March 21, 2006. Accepted March 23, 2006. This work was supported
by Grant NSC-94-2313-B-019-025 from the National Science Council
at Taiwan.

JF060152Z2



