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Protein Engineering of  Sulfolobus solfataricus
Maltooligosyltrehalose Synthase To Alter Its Selectivity
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Maltooligosyltrehalose synthase (MTSase) is one of the key enzymes involved in trehalose production
from starch and catalyzes an intramolecular transglycosylation reaction by converting the a-1,4- to
o,a-1,1-glucosidic linkage. Mutations at residues F206, F207, and F405 were constructed to change
the selectivity of the enzyme because the changes in selectivity could reduce the side hydrolysis
reaction of releasing glucose and thus increase trehalose production from starch. As compared with
wild-type MTSase, F405Y and F405M MTSases had decreased ratios of the initial rate of glucose
formation to that of trehalose formation in starch digestion at 75 °C when wild-type and mutant
MTSases were, respectively, used with isoamylase and maltooligosyltrehalose trehalohydrolase
(MTHase). The highest trehalose yield from starch digestion was by the mutant MTSase having the
lowest initial rate of glucose formation to trehalose formation, and this predicted high trehalose yield
better than the ratio of catalytic efficiency for hydrolysis to that for transglycosylation.

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

INTRODUCTION trehalose from starch, the yield of trehalose was limited to below

Maltooligosyltrehalose synthase (EC 5.4.99.15, MTSase, also 8270 due to the side hydrolysis reactions catalyzed by MTSase
known as glycosyltrehalose synthase, gchosyltrehalose-produc-and MTHaseZ—4). This suggests that engineering the substrate

ing enzyme, and trehalosyl dextrin-forming enzyme) catalyzes speC|f|C|t_|es of b_oth MTSasg and MTHase to decrea_se the side
an intramolecular transglycosylation reaction to produce a hydrolysis reactions would increase the trehalose yield.
nonreducing maltooligosyltrehalose by converting thé,4- Previous kinetic studies have indicated that MTSase has 10
glucosidic linkage at the reducing end of maltooligosaccharide glucosyl binding subsites, numbered frehl to —9, with the
to ana,a-1,1-glucosidic linkage. Maltooligosyltrehalose can be catalytic site that is located between subsitesand—1 (5).
further hydrolyzed by maltooligosyltrehalose trehalohydrolase The MTSase catalytic mechanism involves three carboxyl
(EC 3.2.1.141, MTHase, also known as glycosyltrehalose groups, Asp228, Glu255, and Asp443,Salfolobus acidocal-
trehalohydrolase, glycosyltrehalose-hydrolyzing enzyme, and daricus MTSase numbering (6). The intramolecular transgly-
trehalose-forming enzyme) to produce trehalose by cleaving thecosylation catalyzed by MTSase is considered to consist of two
o-1,4-glucosidic linkage next to the,a-1,1-linked terminal stages: (i) the cleavage of thel,4-glucosidic linkage and (ii)
disaccharide. However, both MTSase and MTHase catalyze athe reconnection of forming the,o-1,1-glucosidic linkageq).
side reaction of hydrolyzing maltooligosaccharides to release Asp443 first twists and deforms the @ng located at the subsite
glucose (G). —1 when the substrate is bounded to the active site. Glu255
Trehalose (oe-glucopyranosyl-oe-glucopyranoside) is a  and Asp228 may then function as the catalytic acid and base,
nonreducing sugar that consists of@-1,1-linkage between  respectively, to cleave the glucosidic bond between subsites
two G; molecules. The sugar protects proteins and cell and+1. The cleaved Gunit was rotated in subsité-1 and
membranes from dry, heat, and osmotic changes and is gainingthen reconnected to form ana-1,1-glucosidic linkageq). The
more applications in many different areas, such as a sweetenehypothetical binding mode of carbohydrates in the active site
component, preservative, or stabilizer for food, cosmetics, pocket of MTSase, which was proposed by Kobayashi et al.
vaccines, and medicines (1). When thermophilic MTSase and (Figure 1) (6), has suggested that several amino acid residues
MTHase were combined with a debranching enzyme to produce located near subsitesl and—1 of the active site may affect
the rotation of the cleaved Gnit prior to the reconnection to
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(F208) (r297) Table 1. Nucleotide Sequences of Primers Used in Site-Directed
Hoo 193 F194 pypg E393 Mutagenesis?
K445
kOLO kQ 4_/ mutation nucleotide sequence of the primer (5" — 3)
1 7 (Y367) F206W CAAATTATAGGAGATGGTTCGCGGTAAATG
y D228 ! Y349 F206Y CAAATTATAGGAGATACTTCGCGGTAAATG
/O/\ F207Y CAAATTATAGGAGATTCTACGCGGTAAATGATTTG
o o o--""" F405M CAGCAATCATGGCTAAGGGCTATG
+1 F405S CATGCCAGCAATCTCCGCTAAGGGCTATG
F405W CAGCAATCTGGGCTAAGGGCTATG
k ! P/ | Y388 20nly the sequences of forward primers are shown. The sequence of reverse
>/ (F405) primer for each mutation is complementary to its forward primer. Nucleotides for
E255 Y392 (Y409) the designed MTSase mutations are shown in bold. The silent mutation, decreasing
D443 the melting temperature of the primer hairpin, is underlined.
Y274 (Y290)
Figure 1. Schematic representation of the proposed binding model E. coli Rosetta (DE3) at 37C in terrific broth medium supplemented

with 100 xg/mL ampicillin plus 34 ug/mL chloramphenicol as
linkage (6, 8). The subsites are numbered according to the general subsite- previously describedr}. Wild-type and mutant MTSases were purified
labeling scheme proposed for glycosyl hydrolases (24), in which the after cell dnsrgpgon hby using heat trﬁ atment,lstrept?]mycm Su”af
) . o ! ) , precipitation, Q-Sepharose anion exchange column chromatography,
substrate rgducmg end is at position +1.. The corresponding residues in and Sephacryl S-200 HR column chromatography as previously
S. solfataricus ATCC 35092 are shown in parentheses. described§). The protein concentration was quantitated by Bradford’s
) ) method (9) with BSA as standards.
our previous study (78). Our previous results suggested that Enzyme Kinetics. The values ok:y and Ky for hydrolysis of G
the decreases in the ratios of hydrolysis to transglycosylation and transglycosylation of 5 G; were determined at 60C in 50 mM
might enhance the yield of trehalose production from starch citrate-phosphate buffer at pH 5 by using B0 substrate concentrations
(7). We also found that decreasing hydrophobic interactions ranging from 0.1Ky to 8 Ky as previously described). Values of
between enzyme and substrate at positions near subsited ar Km, andke/Ky were calculated by fitting the initial rates as a
to the decreased ratios of hydrolysis to transglycosylation for function of substrate concentration to the Michaeldenten equation
FAO5Y MTSase, whereas increasing hydrophobic interactions using Enzfitter software (Elsevier-Biosoft). The standard errors of these

ina h . | in the i parameters were obtained from the fitting results. The change of
and/or removing hydrogen bonding resulted in the IncreaSEdtransition-state binding energi(AG)] for substrate hydrolysis caused

ratios of hydrolysis to transglycosylation for Y290F, Y367F, py the mutation was used to estimate the binding strength of the
and Y409F MTSases8]. We suggested that F405Y MTSase substrate in the transition-state complex and was calculated by the
might result in a higher yield of trehalose production from starch equationA(AG) = —RTIN[(KealKm)mud (KeafKn)ua], Where the subscripts
when it replaces wild-type MTSas@)( In this study, site- mut and wt denote mutant and wild-type enzymes, respectiveély. (
directed mutagenesis was used to construct six mutations at Production of Trehalose from Starch.To produce trehalose from
positions near subsites1 and—1. F405M, F405S, and F405W  starch, purified thermophilic isoamylase, MTSase, and MTHase were
MTSases were designed to further decrease or increase thé'sed Concufrgntly- Tg_e purif:]ed ther:m;zhilic _isogr_nylase and MTHaS_e
L ; ; ere prepared according to the method described in our previous studies
Ezg:sgrhe%btlg ||:n ;8;??%.1;;5?,\/:5; tir(?r?zli?lfljZOO%\?\r;, dF‘Z%%?{t,rztﬁ da 11,12). The reaction was carried out at %5 with 10% (w/v) soluble

. starch in 50 mM citrate phosphate buffer at pH 5. The enzyme
F207Y MTSases were also constructed to study the hydrOphOb'Cconcentration was 0.044M for both wild-type and mutant MTSases.

interactions between enzyme and substrate at positions neajjiquots of 800 U/g starch of isoamylase and 80 U/g starch of MTHase
subsite—1. In addition to investigating the kinetic parameters ere also added into the reaction mixture. Samples were taken at various
of the wild-type and mutant enzymes on both transglycosylation time intervals from 0 to 36 h to detect the produceda@d trehalose.

and hydrolysis reactions, we also carried out the production of The reactions were stopped by incubating the mixture in a boiling water
trehalose from digestion of 10% (w/v) soluble starch at@5 bath for 10 min. For the detection ofi3.4 volume of 4 M Tris-HCI

by using wild-type and mutant MTSases, respectively, along buffer was added to the cooled mixture and the amount ofvés
with isoamylase and MTHase. measured by a oxidase methodl3). For the detection of trehalose,

glucoamylase was added to the cooled mixture at a final concentration
of 5 U/mL to hydrolyze the residual starch, maltooligosaccharides, and
MATERIALS AND METHODS maltooligosyltrehaloses, and the reaction was carried out atC40
Materials. Escherichia coliRosetta (DE3) was from Novagen overnight. The reaction mixtures were then filtered through a Microcon
(Madison, WI). A QuickChange XL Site-Directed Mutagenesis Kitwas Centrifugal Filter Unit with YM-3 membrane (MWCO 3000) to remove
purchased from Stratagene (La Jolla, CA), Baltose (G), maltotriose the enzyme. The filtrates were analyzed by a Vercopak Nucleosil 5
(Gs), maltotetraose (&, maltopentaose (£ maltohexaose (£}, um NH; column (4.6 mmx 250 mm) with a mobile phase consisting
maltoheptaose (£ glucoamylase, 3,5-dinitrosalicyclic acid (DNS), and  of 30% (v/v) HO and 70% (v/v) acetonitrile. Initial rates of trehalose
bovine serum albumin (BSA) were supplied by Sigma (St. Louis, MO). and G formation, respectively, were determined by fitting experimental
Q-Sepharose, Sephacryl S-200 HR, and protein low molecular weight data obtained witmi 1 h to theequationc = At + B, wherec is the
standards were from Amersham Pharmacia Biotech (Piscataway, NJ).product concentratiort,is the time, andA (the initial rate) and3 are
Microcon Centrifugal Filter Unit was obtained from Millipore (Bedford,  obtained by linear regression. The peak trehalose yield was the average
MA). of the three highest consecutive trehalose yield measurements.
Site-Directed Mutagenesis.The MTSase gene in the previously
constructed vector pET-15b-AH-trgY) was mutated by polymerase  RESULTS
chain reaction according to the instructions of QuickChange XL Site- . . )
Directed Mutagenesis Kit as previously describ8) The designed Purity and Thermostability of Wild-Type and Mutant
mutations were included in the primers as listedrable 1. MTSases.The purity of the enzyme was analyzed by sodium
Production and Purification of MTSase. Wild-type and mutant dodecyl sulfatepolyacrylamide gel (SDS-PAGE; 10% minigel)
MTSases were produced by culturing pET-18b-treY-transformed according to the method of Laemmli4). The purity of wild-

between the S. acidocaldaricus MTSase and a substrate with an o-1,4-
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Table 2. 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 5

hydrolysis transglycosylation

MTSase form Gs Gy Gs Ge Gy
wild-type?
Keat (s7%) 440+1.3b 138+ 4 364+7 359 +13 383+14
Ky (mM) 413+3.0 13209 594 +0.27 453 +041 3.88+0.38
Keatl K (s™t mM~—1) 1.06 + 0.05 104 +04 61.2+0.8 79.2+47 98.8 + 6.6
selectivity ratio® (x 102) 10.2 1.73 1.34 1.07
F206W
Keat (574 170+03 111+01
Ku (mM) 145+08 1.93+0.06
Keal K (s™t mM~1) 1.18 +0.05 578+1.03
selectivity ratio (x 10?) 20.4
A(AG)? (k/mol) -0.13 7.24
F206Y
Keat (574 763+ 17 6.11+0.22
Ku (mM) 485+25 248+0.23
Keal K (s™t mM~1) 1.57 +0.05 247+0.15
selectivity ratio (x 10?) 63.6
A(AG) (kd/mol) -0.92 9.60
F207Y
Keat (s7%) 3.08+0.11 140+0.3
Ku (mM) 61.4+47 2.92+0.16
Keatl K (s™t mM~1) 0.050 + 0.002 480+0.17
selectivity ratio (x 10?) 1.04
A(AG) (kd/mol) 8.63 7.76
F405M
keat (s79) 443+2.0 196 + 11 481+9 414 + 14 381+21
Ky (mM) 56.1+5.6 19.0+2.0 6.60 +0.31 4.63 £0.46 3.38+042
Keal K (™t mM~1) 0.79+0.04 104+ 0.6 729+22 89.4+6.0 113+9
selectivity ratio (x 10%) 7.60 1.08 0.88 0.70
A(AG) (kd/mol) 0.81 0.00 -0.48 -0.34 -0.37
F405S
Keat (s7%) 124+04 61.0+2.6 197 £10 169+ 6 147 £ 4
Ku (mM) 73.9+49 202+16 9.25+0.86 3.75+040 2.84+0.22
Keal K (s™t mM~—1) 0.17+0.01 3.02+0.13 21.3+10 452+33 51.9+29
selectivity ratio (x 10?) 5.63 0.80 0.38 0.33
A(AG) (kd/mol) 5.07 3.42 2.92 1.55 1.78
F405W
Keat (574 724+25 139+7 410+ 19 445+ 11 429+ 6
Ky (mM) 53.5+44 20620 7.90+0.79 5.90 £0.37 571+0.16
Keal K (s™t mM~1) 1.35+0.07 6.73+0.33 51.9+29 75.6 £3.0 83.0+16
selectivity ratio (x 10?) 20.1 2.60 1.79 1.63
A(AG) (kd/mol) -0.67 1.20 0.46 0.13 0.48
F405Y@
keat (s7Y) 474+19 139+13 354+9 362+9 363+ 13
Ky (mM) 541+49 11.6+2.0 6.34+0.45 490+0.31 3.80+0.37
Kead K (s™t mM~1) 0.876 + 0.050 12011 55.8+2.6 740£31 95.6 +6.3
selectivity ratio (x 102) 7.30 157 1.18 0.92
A(AG) (kd/mol) 0.53 -0.40 0.26 0.19 0.09

aData from ref 8. b Standard error. ¢ Selectivity ratio: [KealKu(Ga))/[kea! Ku(Gr)]. ¢ Change of transition-state energy: A(AG) = —RTIN[(Keat/ Ki)mut! (Keat! Khwt] (20).

type and mutant MTSases is greater than 95% as indicated bydecreased rapidly with increasing DP from 8 Gs and then
SDS-PAGE (data not shown). After a 2 h incubation at80 dropped slowly beyond that point.

the wild-type and mutant MTSases retained virtually all of their
activities (data not shown). The good thermostability of these
enzymes suggested that the purified MTHases were well-folded,
without long-range conformational changes that may be a
consequence of mutation.

Enzyme Kinetics. Kinetic parameters (k andKy) for the
hydrolysis of G and transglycosylation of £5G; at 60°C and
pH 5 are given inTable 2. F206W, F206Y, and F207Y
MTSases were not very active on transglycosylation as com- By comparison with wild-type MTSase, FA05M MTSase had
pared with wild-type MTSase; therefore, only Gas used to slightly higher catalytic efficiencies for the transglycosylation
measure the reaction rates for transglycosylation. Except F40530f Gs—G7 and a somewhat lower catalytic efficiency for the
MTSase, all other MTSases exhibited a previously observed hydrolysis of G. The catalytic efficiencies of F405S MTSase
behavior (8), whichk.s values for transglycosylation increased for transglycosylation were 2%7% of those of wild-type
rapidly with increasing DP from &to Gs then to a relatively MTSase, whereas the catalytic efficiency for hydrolysis was
constant value with longer substrates. Conversiély,values only 16% of those of wild-type MTSase. F405W MTSase had

The catalytic efficiencies for hydrolysis and transglycosylation
reactions of F206W MTSase were 110 and 7.3%, respectively,
of those of wild-type MTSase, while those of F206Y MTSase
were 150 and 3.1%, respectively, of those of wild-type MTSase.
However, the catalytic efficiencies for hydrolysis and trans-
glycosylation reactions of F207Y MTSase were only 4.7 and
6.1%, respectively, of those of wild-type MTSase.
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Figure 2. Formation of trehalose during the digestion of 10% (w/v) soluble

starch at 75 °C in 50 mM citrate phosphate buffer (pH 5) using wild-type

and mutant MTSases along with isoamylase and MTHase. Wild-type (@),

F405M (O), F405S (v), FA405W (A), and F405Y ().

40

Table 3. Initial Rates of Trehalose Formation and G; Formation and
the Ratios of These Two Initial Rates in the Digestion of 10% (w/v)
Soluble Starch Using Wild-Type and Mutant MTSases along with
Isoamylase and MTHase at 75 °C

MTSase initial rate («M/min) initial rate G/
form G trehalose initial rate trehalose

wild-type 114 + 132 556 + 25 0.21

F405M 96+ 3 479 £ 32 0.20

F405S 114+ 10 474 £ 24 0.24

F405W 120+ 10 563+ 34 0.21

F405Y 106 £5 541 + 27 0.19

2 Standard error.

catalytic efficiencies in general slightly lower than those of wild-
type MTSase except for £hydrolysis.

Production of Trehalose from Starch.The digestion of 10%
(w/v) soluble starch was used to study the yield of trehalose
production by wild-type and mutant MTSases along with
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Figure 3. Relationship between peak trehalose yields and initial rate of
G, formation/initial rate of trehalose formation during the digestion of 10%
(w/v) soluble starch at 75 °C in 50 mM citrate phosphate buffer (pH 5)
using wild-type and mutant MTSases along with isoamylase and MTHase.

formation for F405M and F405Y MTSases as compared with
that of wild-type MTSase. The relationship between peak
trehalose yield (the average of the three highest consecutive
trehalose yield measurements fréfigure 2) and the ratios of
initial rates of G formation to those of trehalose formation is
plotted inFigure 3. Peak trehalose yields and ratios of initial
rates of G formation to those of trehalose formation were
inversely correlated.

MTSase Selectivity toward Hydrolysis vs Transglycosyl-
ation. Selectivity ratios were calculated from the Kkinetic
parameters of wild-type and mutant MTSases for hydrolysis of
Gs and transglycosylation of &5 Gy as given inTable 2. The
selectivity ratio is expressed as the percentage of catalytic
efficiency of G hydrolysis over that of -Gy transglycosyl-
ation. F206W and F206Y had significantly increased selectivity
ratios as compared to that of wild-type MTSase, while F405M,
F405S, and F405Y MTSases had decreased selectivity ratios.

The relationships between peak trehalose yield from starch
digestion and the selectivity ratios from kinetic studies for wild-
type and F405M, F405S, F405W, and F405Y MTSases are
plotted inFigure 4. When F405S MTSase was not included,
peak trehalose yields and selectivity ratios were inversely
correlated.

Mutations on residue 405 were designed to further alter the
hydrophobic interactions between residue 405 and substrate. The

isoamylase and MTHase at both a h|gh reaction temperaturehydrophobic scale for the side chains of tryptophan' phenyla_

(75°C) and a high substrate concentration. All of the reactions
reached more than 80% trehalose yield in 1GFiggre 2). The
productivities of trehalose for wild-type and F405M, F405S,
F405W, and F405Y MTSases calculated from the initial rates
of trehalose production were 118 0.5, 10.2+ 0.7, 10.1+

0.5, 12.04+ 0.7, and 11.5+ 0.6 g/L/h, respectively. Because

lanine, methionine, tyrosine, and serine were 2.9, 2.3, 2.3, 1.6,
and 0.2 kcal/mol, respectively, according to Karpl@S)( and
those were 3.06, 2.43, 1.67, 1.31, an@.05 kcal/mol, respec-
tively, according to Fauchere and Pliski®). The relationships
between hydrophobicity of residue 405 and the selectivity ratios
from kinetic studies for wild-type and F405M, F405S, F405W,

both MTSase and MTHase catalyze a side reaction to hydrolyzeand F405Y MTSases are plotted Figure 5. Except for the

maltooligosaccharides to release, e G formation in the
digestion of starch was also determined. The initial rates of
trehalose and Gformation in the digestion of soluble starch
and their ratios are given ifable 3. Ratios of the initial rates

of G; formation to trehalose formation were calculated to
evaluate the selectivity for Bormation vs trehalose formation.
F405W and F405Y MTSases had similar initial rates for

trehalose formation, while F405M and F405S MTSases had

slightly decreased initial rates. F405 M and F405Y MTSases
had slightly lower initial rates for &formation as compared

hydrophobicity of methionine obtained from Karplug5§,
hydrophobicities of residue 405 and selectivity ratios were
linearly correlated. In addition, peak trehalose yields and
hydrophobicities of residue 405 were inversely correlated except
for F405S MTSase (Figure 6).

DISCUSSION

In addition to enzyme kinetics, we investigated the effects
of MTSase mutations on trehalose yield by using 10% (w/v)

with that of wild-type MTSase, while F405S and F405W soluble starch as substrate and combined isoamylase and
MTSases had similar initial rates. This led to the slightly lower MTHase in the reaction mixture. We have previously suggested
ratios of initial rates of G formation to those of trehalose that mutant F405Y MTSase with a decreased ratio of hydrolysis
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Figure 4. Relationships between peak trehalose yields from starch Figure 5. Relationships between hydrophobicities of residue 405 and the
digestion and the selectivity ratios from kinetic studies by wild-type and selectivity ratios from kinetic studies for wild-type and mutant MTSases:
mutant MTSases: (a) selectivity ratios for Gz hydrolysis over G4 (a and e) selectivity ratios for G hydrolysis over G, transglycosylation,
transglycosylation, (b) selectivity ratios for Gz hydrolysis over Gs (b and f) selectivity ratios for Gz hydrolysis over Gs transglycosylation, (c
transglycosylation, (c) selectivity ratios for Gs hydrolysis over G and g) selectivity ratios for G; hydrolysis over Gg transglycosylation, and
transglycosylation, and (d) selectivity ratios for Gs hydrolysis over G; (d and h) selectivity ratios for G; hydrolysis over G; transglycosylation,
transglycosylation. where the hydrophobicity values of the left and the right panels were

_ _ _ ) ) based on the estimations of Karplus (15) and Fauchere and Pliska (16),
to transglycosylation might result in a higher yield of trehalose respectively. F, wild-type; M, F405M; S, F405S; W, FA05W; and Y, F405Y.
production from starch when it replaces wild-type MTSase. This

hypothesis, however, has not been tested directly. In this study,of transition-state energh(AG), associated with the loss of a
we found that mutant MTSases with decreased selectivity ratioshydrogen bond between uncharged groups on the substrate and
for hydrolysis over transglycosylation indeed had a higher peak enzyme, is between 2.1 and 6.3 kJ/mol, while that for loss of a
trehalose yield except for F405S MTSase. However, the ratios hydrogen bond between an uncharged group on the substrate
of the initial rate of G formation to that of trehalose formation and a charged group on the enzyme is between 14.6 and 18.8
from the digestion of soluble starch provide a better prediction kJ/mol (17,18).
for high trehalose vyield. In this study, the large changes A{AG) for G; hydrolysis

Residues 206 and 207 were mutated to study how the and for G transglycosylation by F207Y MTSase, 8.63 and 7.76
hydrophobic interactions between enzyme and substrate atkJ/mol, respectively, and for gdransglycosylation by F206W
positions near subsite-1 affect MTSase selectivity. The and F206Y MTSases, 7.24 and 9.60 kJ/mol, respectivelplée
mutations on the above residues including F206W, F206Y, and 2), are larger than the loss of an uncharged hydrogen bond
F207Y are all very conservative mutations. Mutation F206W between the enzyme and the substrate in the transition state.
was designed to have an increased hydrophobic interactionHowever, A(AG) values for G hydrolysis by F206W and
between MTSase and substrate, while F206Y and F207Y wereF206Y MTSase were only-0.13 and—0.92 kJ/mol, respec-
designed to have a decreased hydrophobic interaction. Decreasetively. Because residues F206 and F207 have no abilities of
hydrophobic interactions between residue F207 and substrateforming hydrogen bonds, the mutations presumably caused
had decreased selectivity ratio of hydrolysis over transglyco- losses of uncharged hydrogen bonds between the enzyme and
sylation. However, either decreased or increased hydrophobicthe specified substrate in the neighborhood of mutated residues.
interactions between residue F206 and substrate had a signifi-n addition, the losses of hydrogen bonds caused by mutations
cantly increased selectivity ratio of hydrolysis over transgly- on F206 and F207 were different. The losses of hydrogen bonds
cosylation. caused by mutation on F207 occurred between subsilet

In an effort to examine whether the alterations in hydropho- —2 and were observed for the large changed{AG)for G;
bicity would change the bindings between enzyme and substrate hydrolysis and for Gtransglycosylation, whereas the losses of
we also calculated the transition-state energy to estimate thehydrogen bonds caused by mutations on F206 occurred between
binding strength of the enzymesubstrate complex in the subsites—3 to —5 and were observed for the large changes in
transition state. As some earlier studies pointed out, the changeA(AG) only for Gs transglycosylation, not for &hydrolysis.
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__ 875 MTSase was combined with isoamylase and MTHase. Altering
£ 87.0 a hydrophobic interactions near subsitel of the enzyme
3 F405Y F405M substrate complex could also change MTSase selectivity;
> 86.5 4 Wild-type however, either decreased or increased hydrophobic interactions
8 86.0 4 led to significantly increased selectivity ratios. In addition, the
S 554 FA05W ratios of the initial rate of @ formation to that of trehalose
= F:°5S formation from the digestion of soluble starch provide a better
3 85.0 4 prediction for high trehalose yield than do the selectivity ratios.
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2 86.5 Otype hexaose; G maltoheptaose; DNS, 3,5-dinitrosalicylic acid;
@ 86.0 BSA, bovine serum albumimy(AG), change of transition-state
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88559 Egoss Fa05W gel electrophoresis.
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Hydrophobicity of residue 405 (kcal/mol)

Figure 6. Relationships between hydrophobicities of residue 405 and peak
trehalose yields from starch digestion for wild-type and mutant MTSases:
(a) hydrophobicity values based on the estimations of Karplus (15) and
(b) hydrophobicity values based on the estimations of Fauchere and Pliska
(16).
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F405S MTSase also showed a large chang®&(ihG) for Gz
hydrolysis, while the value for transglycosylation decreased with
increasing DP from Gto Gg. These values are close to the loss
of an uncharged hydrogen bond between the enzyme and the
substrate in the transition state. The losses of hydrogen bonds
caused by mutation F405S occurred between subsitieso
—2 and might only occur when &5 Gs are used as substrates.
On the other hand, mutations F405M and F405W showed small
A(AG) values, from—0.67 to 1.20 kJ/mol, indicating that these
mutations had only minor effects on transition-state substrate
binding.

Altering the hydrophobicity of an active site could affect the
catalytic activity and/or substrate binding of an enzyrm@-{

23). Several mutations near subsitdé of MTSase, including
Y290F, Y367F, F405Y, and Y409F, had been constructed in
our previous study §). Our previous results showed that
decreasing hydrophobic interactions between the substrate and
the enzyme led to the decreased ratios of hydrolysis to
transglycosylation for F405Y MTSase, whereas increasing
hydrophobic interactions and/or removing hydrogen bonding
resulted in the increased ratios of hydrolysis to transglycosyl-
ation for Y290F, Y367F, and Y409F MTSas&. (n this study,
residue F405 was mutated to methionine, serine, and tryptophan,
which have different degrees of hydrophobicities, in an effort
to further evaluate the relationship between hydrophobic interac-
tions and selectivity. Indeed, the hydrophobicities of residue
405 and selectivity ratios were linearly correlated in general
(Figure 5), and the peak trehalose yields and hydrophobicities (11)
of residue 405 were inversely correlated except for F405S
MTSase (Figure 6). Because F405Y MTSase has a higher peak
trehalose yield and similar trehalose productivity as compared
to those of wild-type, this mutant might be able to replace wild-
type enzyme in the production of trehalose from starch.

In conclusion, the decreased hydrophobicities near subsite
+1 of MTSase could lead to decreased selectivity ratios for
hydrolysis over transglycosylation and may result in increased (13)
trehalose yield from the digestion of soluble starch when
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