Biochemistry2007,46, 5261-5269 5261

Identification of Acceptor Substrate Binding Subsite and+3 in the
Amylomaltase fromThermus thermophilusiB8’

Thijs Kaper$' Hans Leemhui§,Joost C. M. Uitdehaa$@ Bart A. van der Veer$" Bauke W. Dijkstra;”
Marc J. E. C. van der Maarél, and Lubbert Dijkhuizen*$

Centre for Carbohydrate Bioprocessing TNO, uhrisity of Groningen, and Microbial Physiology Research Group,
Groningen Biomolecular Sciences and Biotechnology Instituteyedsity of Groningen, Kerklaan 30, 9751 NN Haren,
The Netherlands, and Inmative Ingredients and Products Department, TNO-Quality of Life, Rouaanstraat 27, 9723 CC
Groningen, The Netherlands, and Laboratory of Biophysical Chemistry, Groningen Biomolecular Sciences and Biotechnology
Institute, Unversity of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

Receied Naember 21, 2006; Résed Manuscript Recegéd January 30, 2007

ABSTRACT. Glycoside hydrolase family 77 (GH77) belongs to thamylase superfamily (Clan H) together

with GH13 and GH70. GH77 enzymes are amylomaltasesosgiiicanotransferases, involved in maltose
metabolism in microorganisms and in starch biosynthesis in plants. Here we characterized the amylomaltase
from the hyperthermophilic bacteriuthermus thermophiludB8 (Tt AMase). Site-directed mutagenesis

of the active site residues (Asp293, nucleophile; Glu340, general acid/base catalyst; Asp395, transition
state stabilizer) shows that GH77 Tt AMase and GH13 enzymes share the same catalytic machinery.
Quantification of the enzyme’s transglycosylation and hydrolytic activities revealed that Tt AMase is
among the most efficient d-glucanotransferases in tiheamylase superfamily. The active site contains

at least seven substrate binding sites, subsiand+3 favoring substrate binding and subsite3 and

+2 not, in contrast to several GH13 enzymes in which subskeontributes to oligosaccharide binding.

A model of a maltoheptaose (G7) substrate bound to the enzyme was used to probe the details of the
interactions of the substrate with the protein at acceptor subszesd+3 by site-directed mutagenesis.
Substitution of the fully conserved Asp249 with a Ser in subsiereduced the activity 23-fold (for G7

as a substrate) to 385-fold (for maltotriose). Similar mutations reduced the activitaiylases only up

to 10-fold. Thus, the characteristics of acceptor subsi®erepresent a main difference between GH13
amylases and GH77 amylomaltases.

Amylomaltases (EC 2.4.1.25) are intracellulan4lu- malto-oligosaccharides, which are converted into glucose and
canotransferases that transfer part of ad-g-glucan to an longer oligosaccharides. The glucose enters the glycolysis
acceptor molecule, such as glucose or anoth&r4-glucan pathway, while the longer malto-oligosaccharides are sub-
with a free 4-hydroxyl group. These enzymes have beenstrates for maltodextrin phosphorylase, yielding glucose
classified as part of glycoside hydrolase family 77 (GH77) 1-phosphate which can be used in various metabolic path-
(1), which forms theo-amylase superfamily together with  ways @, 4). Nevertheless, the supply of substrates for growth
GH13 and GH70, sharing a similar fold and active site may not be the only function of amylomaltases, since
residues 2). amylomaltase-encoding genes have also been identified in

Amylomaltases have been found in microorganisms, as bacteria likeAquifex aeolicuswhich is not able to grow on
well as in plants, where they are known as D-enzymes. In a-linked glucans g, 6). In plants, D-enzyme is involved in
Escherichia colithe enzyme is essential for growth on short starch metabolism, where its precise role is uncl@asy,
although a role has been implicated in nocturnal maltose
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B2, and B3 subdomains. A conserved loop of eight amino  Construction of Site-Directed MutantMutations were
acid residues, the 250s loop, is partially shielding the active introduced by PCR using the pCCBmalQ plasmid as a
center. Amino acids that interact with the substrate have beentemplate. D249S, D293N, D293A, E340A, D395N, D395A,
identified in the 3D structure of Taqg AMase with the inhibitor and F366L mutations were introduced using the megaprime
acarbose bound in the active site at substrate binding subsitesnethod. The E340Q mutation was introduced using the
—3 to +1 (13). In the center of the substrate-binding cleft, QuikChange site-directed mutagenesis kit (Stratagene, La
two conserved aspartate residues and one glutamate residuéolla, CA). DNA sequencing was used to verify the sequence
were located12), and they correspond to the three catalytic of the amplified DNA and to confirm the presence of the
acidic residues in the GH13 enzymes. From this, Asp293 desired mutations (BaseClear, Leiden, The Netherlands).
has been proposed to serve as the nucleophile in the pH Optima.Two buffers were tested for determination of
o-retaining mechanism, Glu340 may function as the general the optimal pH for activity at 70C, i.e., 90 mM sodium
acid/base catalyst, and Asp395 may stabilize the oxocarbe-maleate and 90 mM citratgphosphate buffer in the pH range
nium ion-like transition statel@, 14, 15). of 3.5—7.5 essentially as described previoudly)( In a vial,
GH77 enzymes are efficientd-glucanotransferases and 500uL of 10 mM maltotriose in buffer was preheated for 2
exhibit remarkably low hydrolytic activities that are at least min at 70°C. After addition of enzyme to a final concentra-
1 order of magnitude lower than that of cyclodextrin tion of 34 nM, glucose formation was followed for 1.5 min
glucanotransferases (CGTases) of GHIE19), indicating by transferring 5Q:L samples with a 15 s interval to a 96-
tight control of the reaction course during catalysis. Mu- well microtiter plate on ice. After addition of 180 GOD-
tagenesis of residues remote from the active site decreased®AP glucose detection kit per well (Roche), the 96-well
the hydrolytic activity of GH77 Tagq AMaself), but the microtiter plate was incubated for 30 min at ambient temper-
active site of these enzymes has not been studied in relatiorature, and the O3, was determined. A glucose standard
to the reaction specificity. curve (0-50 mM) was included in each plate. One unit of
In this study, we show that Tt AMase is a very efficient activity was defined as the release ofufinol of glucose/
4-a-glucanotransferase with one of the highest transglyco- min. For the Tt AMase variants D293N and E340Q, 1400
sylation to hydrolysis ratios in the-amylase superfamily.  of 10 mM maltotriose in 90 mM combined citratphosphate
By characterizing the disproportionation activity, using buffer in the pH range of 4:67.0 was incubated with 33
inhibition studies, modeling a maltoheptaose substrate in the50 «M enzyme for 5-15 h at 70°C. Glucose formation was
active site, and using site-directed mutagenesis, we confirmedassessed as described above. Tt AMase D293N and E340Q
the roles of the putative catalytic residues and identified were active below pH 6.5 and 5.5, respectively, but
acceptor subsites2 and+3 in the active site. While the  precipitated during the necessary prolonged incubation times.
main catalytic machinery is the same for GH77 and GH13, Wild-type Tt AMase precipitated below pH 5.5 under similar
the properties of acceptor subsite? distinguish the two  extended incubation times as well, which showed that the
families. D293N mutation reduced the pH stability of the enzyme.
Kinetic Stability. Purified Tt AMase (0.1 mg/mL) in 25
MATERIALS AND METHODS mM sodium citrate and 25 mM sodium phosphate buffer (pH
Chemicals, Strains, and Vector&ll chemicals were 5.5) was incubated at various temperatures{®&0°C). After
analytical grade. Malto-oligosaccharides were obtained from being incubated for 0, 5, 10, 15, 30, 45, 60, 90, 120, and
Sigma-Aldrich (Zwijndrecht, The Netherlands). Food-grade 180 min, samples were removed and stored on ice. Residual
native potato starch was a gift from AVEBE (Veendam, The activity was determined as described above, and the half-
Netherlands). A sample of acarbose from Bayer (Mijdrecht, life of inactivation was calculated as described previously
The Netherlands) was a gift from T. R. M. Barends (17).
(University of Groningen). Oligonucleotides were from Kinetic AnalysesRates of product formation were ana-
Eurogentec (Seraing, Belgiunt. coli TOP10 ancE. coli lyzed by HPLC. Activity assays were performed as for
BL21(DE3) were used as hosts for cloning and protein determination of the pH optimum. Samples (&D) were
production, respectively. Vector pET15br{pN-terminal transferred to 45QiL of DMSO at 15 s intervals, which
Hiss tag, am3) (Novagen, Madison, WI) was used for terminated the reaction, and analyzed for products up to G10
cloning of mutated amylomaltasen&lQ) genes. by Dionex HPLC as described previousl{7{. Standards
Purification of Thermus thermophilus Amylomaltasbe were included at the beginning, middle, and end of the
T. thermophilus malQgene was cloned into the pET15b detection series to correct for detector drift. The detector
vector (pCCBmalQ), which results in a protein with a response factor for G7 was used for the determination of
N-terminal His tag.E. coli BL21(DE3)/pCCBmalQ was the concentrations of G8, G9, and G10.
routinely cultured in 250 mL of LB medium (1% tryptone, The disproportionation activity was routinely assayed at
0.5% yeast extract, 0.5% NaCl, and 10§'mL ampicillin) 70°C in 25 mM citrate-phosphate buffer at the pH optimum
at 37 °C while being shaken and purified as described of the respective Tt AMase variant as described previously
previously 17), the difference being that the cell-free extract (17). A molecular mass of 59 337 Da was assumed in the
was incubated at 78C for 10 min. Purified Tt AMase was  calculation of thek.. The activity of D249S was measured
dialyzed against 25 mM sodium phosphate buffer (pH 7.5) by incubating 425 nM enzyme in 10 mM substrate {63
and stored at 4C. Typically, 20-40 mg of pure Tt AMase  G7) in 25 mM citrate-phosphate buffer (pH 5.5) (in
protein was obtained per liter of cell culture. The protein triplicate) at 70°C for 14 h. Subsequently, 50L samples
concentration was determined according to the Bradford were transferred to a 180 GOD-PAP glucose detection
method using the Bio-Rad reagent and bovine serum albuminkit (Roche) and analyzed as described above. Samples
as a standard. incubated without enzyme served as controls.
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Ficure 1: Formation of the initial products by 34 nM Tt AMase
wt on 10 mM G3 substrate in 25 mM sodium citrate/sodium
phosphate (pH 5.5) at 7€C. Formation of malto-oligosaccharide
products of (A) DP+DP6 and (B) DP#DP9 is depicted.

Hydrolysis of starch was assessed by incubating (in
triplicate) 340 nM Tt AMase variant with 1.0% gelatinized
native potato starch in 10 mM maleate buffer (pH 6.5) at
70°C as described previousl{ 7). One unit of hydrolyzing
activity was defined as the production ofifinol of reducing
ends/min.

The inhibitory effect of acarbose on the disproportionation
activity of Tt AMase was determined at eight concentrations
of maltotriose (6-25 mM) and acarbose concentrations of
25, 50, and 10@M. Assays were the same as those described
for the determination of the optimal pH. Inhibition constants
for competitive and uncompetitive binding were calculated
by fitting the data to a formula for mixed inhibitior2Q)
using SigmaPlot (SPSS Inc., Chicago, IL).

RESULTS

Optimal pH for Actvity and Stability of Tt AMaseThe
activity of Tt AMase was analyzed using maltotriose as a
substrate, which is converted into glucose (G1) and malto-
oligosaccharides by Tt AMase (see below). At (@, the
temperature used for all kinetic analyses, the highest dis-
proportionation activity in combined citratgohosphate
buffer was at pH 5.56.0, while it was optimal at pH 60
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FiGure 2: Rates of product formation of Tt AMase on 10 mM
malto-oligosaccharides. Numbers above the bars correspond to the
degree of polymerization of malto-oligosaccharide products. Assays
were performed in 25 mM sodium citrate/sodium phosphate (pH
5.5) at 70°C with 34 nM enzyme. Rates for G3 were determined
between the 45 and 90 s points of incubation.

Table 1: Dominant Binding Modes of Substrates in the Active Site
of Tt AMase

substrate -4 -3 -2 -1 +1 +2 +3 +4 45 product
G3 O O ¢ Gl
G4 O O ¢ Gl
G4 O O O v G3
G5 (0] O O ¢ Gl
G5 O O O O © G3
G6 O O O O o v G4
G7 O O O O O o ©v G5

2 The numbering of substrate binding subsites is that of Da®®&s (
The glycosidic linkage is broken between subsitésand+-1. ° Product
that is released upon formation of the covalent intermediate; &, reducing
sugar.

affinity for the longer reaction products than for G3, since
Tt AMase prefers conversion of the longer products to that
of the more abundant G3. Product formation rates with G3
as a substrate increased with incubation time and were
constant only between 45 and 90 s (Figure 1), which
coincided with the formation of products longer than G8.
This suggested that the active site of Tt AMase might contain
up to nine substrate-binding sites. The increase in the level
of product formation was linear for all other substrates
(Figure 2). Glucose was produced on all substrates, which
means it can serve as an indicator for Tt AMase activity.
Disproportionation of malto-oligosaccharides results in the
production of equal amounts of two oligosaccharide products
that differ in length by twice the transferred saccharide unit.
However, for most substrates, a single dominant product was
observed. This product is likely to correspond to the

6.5 for sodium maleate. In both buffers, the kinetic param- saccharide that is released when the covalent enzyme
eters were the same for the enzyme. In combined citrate substrate reaction intermediate is formed, since it has to leave
phosphate buffer (pH 5.5), the enzyme was stable up tothe active site before the bound part of the substrate is

80°C, where it displayed an activity half-life of 18 4 min
(data not shown).

Disproportionation of Malto-Oligosaccharideét a sub-
strate concentration of 10 mM, the initial rate of formation
of disproportionation products was analyzed atZ0using

released by an incoming acceptor. The preferred binding
modes of the initial substrates in the active site of Tt AMase
were deduced from the dominant products (Table 1).

No kinetic constants for disproportionation of malto-
oligosaccharides by Tt AMase and Tag AMase have been

malto-oligosaccharides with a degree of polymerization (DP) reported. Previously, the disproportionation activities of the
of 3—7 as substrates (Figures 1 and 2). HPLC analysis cyclodextrin glucanotransferases (CGTases) figacillus
showed that Tt AMase wt formed a range of malto- circulans251 Bci251) andThermoanaerobacterium ther-
oligosaccharides on all substrates. In the case of maltotriosemosulfurigene€M1 (Tabium) have been characterized in
(G3), products of DP6 and longer resulted from the dispro- detail using the double-blocked substrate 4-nitrophenyl-
portionation of reaction products. Tt AMase has a higher p-maltoheptaoside-4,6-ethylidene 21, 22). However, Tt
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Table 2: Kinetics of the Release of Glucose by Tt AMase wt and Mutants D249S and F366L Incubated wiY G2bstratés

wild type F366L D2495
substrate Kw (MM) Keat (S7%) Kw (MM) Keat (S7%) inactivel Keat (S7%) inactive'

G2 ND? 6° NDP b Ne

G3 2.2+0.2 317 7° 3.3£0.9 111+ 9 4.2 0.68+£ 0.01 385
G4 54+ 16 425+ 33 24+15 106+ 18 1.8 0.97+0.03 298
G5 10.8+1.2 329+ 12 6.2+ 1.9 179+ 18 1.0 3.984+ 0.09 59
G6 17.4+ 3.9 304+ 28 155+ 2.2 188+ 18 1.4 3.26+ 0.05 27
G7 149+ 3.4 213+ 19 151+ 1.5 159+ 8 13 1.99+0.16 23

a Assays were performed in 25 mM citratphosphate buffer at pH 5.5 and 70. The enzyme concentration used in the assays varied from 34
nM (wild type and F366L) to 170 nM (D249S) Cannot be determined. Data could not be fitted according to Michaliéten kinetics. The
highest observed activity is showhSubstrate inhibition above 25 mM Substrate inhibition above 7.5 mNINot determined Activity determined
at a substrate concentration of 10 mMnactivation rate: Kea/Kw)w/(KealKm)rsser. M Inactivation rate: the activity of Tt AMase wt on 10 mM
substrate divided by the activity of D249S.

AMase was not able to convert this compound, nor was it  Hydrolysis of Starch by Tt AMasé&t AMase is highly
active on the chromogenic substratesitrophenol (pNP)- active on gelatinized native potato starch, as judged from
a-D-maltose and pNpebp-maltopentaoside (data not shown). the color shift of the starchiodine complex from blue to
Therefore, Tt AMase was incubated with varying concentra- purple (data not shown). This color shift is due to the transfer
tions of maltose (G2) to maltoheptaose (G7), and Khe of amylose chains to the amylopectin branch&g, @4).

and k., for release of glucose were determined (Table 2), However, an increase in reducing ends was also measured,
which are largely similar to those reported for the amylo- which can be only the result of hydrolysis of amylose chains
maltases froniPyrobaculum aerophilurfil7) andA. aeolicus by a water molecule acting as an acceptor by cleaving the
(6). covalent enzymesubstrate intermediate instead of a glucan.

Maltose is a poor substrate for Tt AMase, indicating that Nevertheless, this hydrolytic activity is very lovk =
substrate binding in only subsitesl and+1 is insufficient ~ 6.0 x 1072 s7%). The enzyme’s disproportionation activity
for promotion of catalysis. Maltrotriose (G3) is dispropor- ©On maltotriose is 31773 (Table 2). Since maltotriose was
tionated efficiently and yields glucose as a main product, as the acceptor in this reaction, it is a 5000-fold better acceptor
a result of G3 binding in subsites2 to+1. Only low levels ~ than water. This high transglycosylation over hydrolysis
of maltose are produced from G3, indicating that subsze  Specificity of amylomaltase is much higher than that of other
has a negative effect on binding. The observed maltose Clan H enzymes. For instance, itis 10-, 150-, 500-, and 1000-
production demonstrates that Tt AMase is slightly more fold higher than that of GH18ci251 CGTase9), GH13
versatile in substrate binding than potato D-enzymeRnd  Neisseria polysacchareamylosucrase25), GH13 Tabium
aerophilum amylomaltase, which do not bind at all the CGTase 18), and GH70Lactobacillus reuteril21 reuter-
reducing end glucose residue of the substrate in acceptor@nsucrase2@), respectively. Thus, Tt AMase is one of the
subsite+2, but rather in acceptor subsitel or in subsite most efficient glucanotransferases in Clan H. This is similar
+3 (17, 23). Conversion of maltotetraose (G4) had glucose t0 what has been found for the amylomaltase frém
as a main product as well, in agreement with substrate @erophilum(17).

binding at subsites-3 to +1. The 2-fold increasedy, for Inhibition by AcarboseHPLC analysis demonstrated that

this binding mode and the relatively high rate of maltose Tt AMase was not able to convert the inhibitor acarbose,
release resulting from binding of G4 at subsite to +2 either in the absence or in the presence of malto-oligosac-
signify a reduced affinity for substrate binding at subsit charides (data not shown). For Tt AMase-catalyzed dispro-

In addition, G4 is the only substrate that releases high levelsportionation of maltotriose, acarbose acted as a strong mixed
of the product resulting from the substrate occupying subsite inhibitor with almost equal competitive and uncompetitive
—1 as single donor subsite. In this case, G4 is bound atbinding constantsKjcomp = 3 uM, and Kjuncomp = 4 uM).
subsites—1 to +3 and G3 is produced. When the substrate This indicates that acarbose is both bound in the active site
length increased beyond DP4, the rates for glucose produc-and at another site. Interestingly, the crystal structure of the
tion decreased with an increase in substrate lengtikand ~ Tagq AMase-acarbose complex reveals two acarbose binding
values increased. Maltose was produced at low levels for sites; one acarbose is bound in the active site, and the other
these substrates as well, indicating that they are preferablyis near Tyr54~14 A from the active sitel(3). However, it
bound at the donor subsites and acceptor subsiigst+2, is not known how acarbose binding at the latter site affects
and +3, and possibly additional acceptor subsites. With the enzyme’s activity.

maltopentaose (G5) as a substrate, Tt AMase produced G1, Catalytic Residues of Tt AMas€he active site architec-
G3, and maltohexaose (G6) at almost equal ratesture of GH77 Taq AMase shows structural similarities to
(Figure 2), G1 and G3 resulting from initial binding of G5 those of GH13 enzymesl®), and several residues are
in two different binding modes (Table 1) and G6 resulting conserved between both families (Figure 3). Among these
from the disproportionation of a reaction product. Dispro- are the predicted catalytic residues Asp293 (nucleophile,
portionation production rates of G6 and G7 indicate a region Il), Glu340 (general acid/base catalyst, region III),
preferred binding at donor subsitesl and —2 with the and Asp395 (third catalytic residue, region V). To verify
remainder of the substrate in acceptor subsites. Thus, bindinghe importance of these residues, they were substituted with
at acceptor subsité3 and possibly higher acceptor subsites their respective amide derivative, or with alanine. The mutant
is favored over binding at donor subsies. enzymes exhibited greatly reduced disproportionation activi-
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2+ electronegativity of the 2-OH groufd4). In addition, this

-1 -1 +2 -1
GG| | residue has been suggested to increaseKhefiithe catalytic
A %ﬂﬁg _¥Xg 4 | A I\ E}.‘h Vi Pes AY_ WL acid or base residue, thus increasing the optimal pH for
126 143 222 233 253 262 320 331 activity (29). The D395N mutation in AMase is in agreement
with this notion since the activity of D395N AMase at higher

N+1 A AT
| | pH values is reduced compared to that of the wt enzyme
o. disbtsQhfs R Ul YISy aloves (Figure ).
I I i

205 221286 | 297 336 345 387 |y 398 Model for Substrate Binding in the Ag# Site of Tt AMase.
Ficure 3: Sequence logos of the four conserved regions of (A) _In GH13 enzymes, acceptor subsites, +2, and_+3 are
GH13 enzymes [based on 29 CGTase and.3inylase sequences ~Important for the course of the catalyzed reacti®g)(Tt
(Bci251 CGTase amino acid numbering)] and (B) the corresponding AMase subsites=3 to +1 have been identified in the
regions in GH77 enzymes (based on 44 GH77 enzyme sequences)crystal structure of Taq AMase complexed with acarbose

Residues with numbers above them interact with the substrate in(Figure 5A) (L3). Several residues that interact with the
the respective subsite according to @9i251 CGTase complexed . . : .

- acarbose glucose residues in subsitels and +1 in Taq
with maltononaose (PDB entry 1CXK)1L4) and (B) a model of ) . . . .
maltoheptaose bound to Tt AMase (this study). N, nucleophile; A, AMase, including the Cat"_ﬂyt'c re_SIdues, are present in three
general acid/base catalyst; T, transition state stabilizer. Identifiers Of the four conserved regions (Figure 3). However, in GH77
of the sequences used for construction of the logos are listed inenzymes, these regions do not seem to contain residues that
Table S1 of the Supporting Information. Logos were produced using jnteract with the substrate in acceptor subsige To identify
the Weblogo server (http:/Aweblogo.berkeley.eduflogo.cgi). potential enzyme substrate interactions in subsite? and
+3 of GH77 enzymes, a model for substrate binding by Tt
AMase was constructed. The modeling was started by

Table 3: Specific Activities of Tt AMase Catalytic Mutants

Keat (5°7) relative activity superimposing the structure of Taq AMase with bound
D293N 2x 102 7x10° acarboseX3) on that of porcine pancreatic-amylase with
[E)gigg ‘éi igz %z ig; a bound maltohexaose inhibitoBd) on the basis of the
E340A 9% 104 3% 10° conserved active site _reS|dues of both enzymes. The_torsmn
D395N 2% 101 7 % 104 angles of the glycosidic bonds were adjusted to optimize the
D395A 6x 107 2x10°® fit of the oligosaccharide in the active site of Tag AMase.
wild type 291 1 This modeling was aided by comparisons with the confor-

~ 2 Disproportionation activities were determined in 25 mM maltotriose  mations of other oligosaccharides complexed veitamy-

in 50 mM sodium maleate at pH 6.5 and 7C. The enzyme  |ase family enzymes, such as maltononaose bound to

concentration used in the assays varied between 34 nM ana\B.4 - 5T54614) and a maltohexaose inhibitor bound to Tabium

b The activity of the mutant divided by the activity of the wild type. CGTase I.8) The final model with an oligosaccharide
125 bound from subsite-4 to +3 is schematically shown in

Figure 5B. The sugar residues at subsitdsto +2 have a
1 +‘|’3”;95N conformation similar to that which was observed in Tabium
% 75 :E340Q CGTase with a maltohexaose inhibitor in the active site

2 g9 | -xD2o3N (18). In contrast, the residues at subsite4 to —2 have a
< more linear, extended conformation than those in Tabium
25 CGTase, which are poised to form a cyclodextrin molecule.
0l o : For comparison, Figure 5C shows the binding of a malto-

3 4 5 6 7 8 hexaose inhibitor in subsites3 to + 3 in Tabium CGTase

pH (3D.
FIGURE 4: Effect of pH on the activity of Tt AMase wi), D293N Asp249 and Phe366 in Acceptor Subsitésand+3. The

(x), E340Q W), and D395N 4). Tt AMase E340Q and D293N  model predicted that Asp249 and Phe366 in putative acceptor
were not stable below pH 5.5 and 6.5, respectively. The activity of subsitest2 and+3 interact with the substrate (Figure 5B).
D293N has been normalized to the activity of Tt AMase wt at pH Therefore, these residues were analyzed by site-directed

6.5. G1 release was assessed on 10 mM G3 in 90 mM sodium : : . L
citrate/90 mM NaPbuffer at 70°C. The enzyme concentrations mutagenesis to test their role in substrate binding and

were 34 nM (Tt AMase wt) and 3350 uM (D293N, E340Q, and catalysis. The D249S mutation at subsit@ resulted in a
D395N). 23—385-fold reduced glucose liberation activity (Table 2),

which disabled further kinetic characterization. The hydro-
ties (Table 3). Tt AMase D293A was least active, which lytic activity of this mutant on potato starch was too low to
agrees with the proposed role of Asp293 as a nucleophile inbe detected. Thus, Asp249 is important for catalysis by Tt
the reaction. Figure 4 shows how the activity of the catalytic AMase. The F366L substitution in subsite3 had a less
amide variants depends on the pH. At pH values above thesevere effect on Tt AMase activity. The starch hydrolase
pH optimum (pH 5.5), the profile of D293N is similar to activity of this mutant was 4.0x 1072 s%, which is
that of the wild type, while the activity of E340Q is pH- comparable to that of the wild-type enzyme (6.A02s™).
insensitive. This agrees with their predicted roles as a The k.o/Ky of the F366L mutant was most decreased for
nucleophile and general acid/base catalyst, respectively, forthe conversion of G3, while it was similar to that of the wild
carbohydrate active enzymes that convert substrates via aype for the disproportionation of G457 (Table 2). Interest-
retaining mechanisn®{, 28). The third catalytic residue of  ingly, there is a difference in substrate inhibition between
GH13 aids in stabilizing the transition state by helping to the wild-type enzyme and the F366L mutant. Wild-type Tt
distort the —1 sugar toward planarity and reducing the AMase is most active on G3, but it is inhibited above 25
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Ficure 5: Schematic overviews of (A) binding of acarbose in the active site of Taq AMase (PDB entry 1IESW, modified fi@) (B
proposed binding of maltoheptaose in the active site of Taq AMase, and (C) binding of a maltohexaose inhibitor in the active site of
Tabium CGTase (PDB entry 1A47). Not all interactions are shown for clarity (modified fror8efCatalytic residues are shown in
boldface. The binding of the maltohexaose inhibitor in Tabium CGTase is compared to the proposed model for substrate binding in Taq

AMase élnce it is the only structure demonstrating sugar binding in acceptor sti3site
substrate inhibition observed for wild-type Tt AMase but

mM G3 (the activity at 50 mM maltotriose was 75%lqf)

Instead, the F366L mutant is most active on G4 and is introduced G4 substrate inhibition. This indicates that subsite
severely inhibited above 7.5 mM G4 (activity at 50 mM G4 +3 is indeed involved in substrate binding. As such, the

was 0). Thus, the F366L substitution abolished the G3 characteristics of the D249S and F366L mutants support the
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proposed model for substrate binding in acceptor subsitesacceptor subsité-2. Thus, identification of acceptor binding

+2 and+3. sites+2 and +3 in Tt AMase by modeling of a malto-
oligosaccharide substrate in the active site appeared to be
DISCUSSION desirable.

Substitution of Asp293, Glu340, and Asp395 and analysis
of their pH profiles confirmed their function in catalysis as
the nucleophile, general acid or base, and transition state
stabilizer, respectively. The substitutions yielded enzymes
with low but detectable activities, similar to the activities of

'GH13 enzymes mutated in the equivalent residdés-47).
It may seem surprising that even when the catalytic nucleo-
phile is mutated, some residual activity is observed. Several
explanations can be given for this observation. First, the

and arginine residue, respectively, which are solvent-exposed’ esidual activity may be caused by a low degree of spontane-
9 , respectively, P ous deamidation of the Asp293Asn mutant (see, e.g48ef
and are located on the opposite side of the enzyme from the,

: . . . . fSecond, destabilization of the substrate residue bound in
active site. As a consequence, the biochemical properties o

o subsite—1 may allow it to react directly with an incoming
Tt AMase are very similar to those reported for Tag AMase . o .
(16, 32). Therefore, Tt AMase and Taq AMase will be acceptor even in the absence of the nucleophilic Asp. This

reqarded as the same enzvme in this discussion property has been exploited in the design of artificial
9 y ' “glycosynthases”49, 50). Finally, the residual activity may
Tt AMase produces the same range of products UpOn egylt from errors in translation and protein syntheSi.(

incubation with malto-oligosaccharide substrates as several We showed that the basic catalytic machinery of GH77

othgr GI(—jl7t7 enzyr(;wefse( ?_? ASI?/I) The subgtrgllte l:;indtirr]lg and GH13 enzymes is the same. Therefore, we assumed that
(TO es Z?rmlne Igr as_?h aLE_’ simi afr Od OS€ substrate binding in Tt AMase and GH13 enzymes is similar.
feterm_lneb O;p'(;tslto -err:zymé_a).':_ € mletllcs of produict q Modeling of a maltoheptaose in the Tt AMase active site on
orr|1|1at|oL1 y td .asesf own in Ic?urc?d as%coraespoln the basis of GH13enzyme-inhibitor structures allowed the

well to the production of even- and odd-numbered Malto- jyeniification of acceptor binding subsite and+3, which
oligosaccharides predicted from an in silico simulation of | -~ o600 by substitution of Asp249 and Phe366. This
the dlsproporuonanon of maltotrlose by D'e”ZY“@_@‘)( At .._implicated the 250s loop, which is unique to GH77 enzymes,
least seven and possibly up to nine substrate binding subsﬂeg,n substrate binding1@). Asp249, GIn256, and Trp258 in

coPtr|bute t? cat$lty:\|§| in Tt tﬁ!\ﬁg&% AS fgr. barLe>t/ e:nd this loop are fully conserved residues in GH77 sequences
sallvary amylase, ase SUDSHEE IS Tavored In SUbSrale 5 jnteract with the substrate according to the model.

binding 5, 36), while the unfavorable binding affinity of The reduction of the disproportionation activity of Tt

a%rxévseurbs;; gpltsof rsejs;tt;l; a:ﬁ g ir;yl\?vi?cﬁs r\:ggx' a AMase F366L is comparable to that caused by the E264A

negative and positive effect on substrate binding, respec—.rng.tf;t(.): 'rt'hg‘t:csp;g.rt;u?)bsh'ig59;]!?;:25}0 C;Cr;t-'lt-aass'ena%b)(’)th

tively, are different compared to those of the two amylases indicating uos| imifar properties 1 L

(35, 36). In addition, the+2 subsites of human pancreatic enzymes. On the other hand, we found that Tt AMase activity

amylase and Tabium CGTase favor substrate binding as wellreIIeS more on apceptor subsite than on sub§|t6~3. The

(22, 37), which focused our attention on Tt AMase acceptor D249S substitution reduced Tt AMase activity to a larger
L extent than similar substitutions in barley and salivary

subsites+2 and+3. ) _ . amylases 33, 54) or Tabium CGTasel@®), indicating that
The pseudotetrasaccharide acarbose is a potent inhibitokna"role of subsiter2 in catalysis is more important in Tt
of enzymes of thei-amylase family. The inhibitory moiety  aApjase than in GH13 enzymes.

of acarbose is acarviosine, which mimics the transition state Tt AMase was found to be a highly active enzyme with

?rflt ?ZeS;Eﬁ]C(;'eO:a a;Cda;f)oeSXgeV%?ghtgomgg tztoiu;rfiiic% sine at least seven and p_ossibly up to nine substrate biljd_ing sites
unit with a malt’ose unit a’ttached to its reducing end, has that readily acts on its products. The enzyme exh|'b|'ted the
been found to bind at subsitesl to +3 in the crystr;ll _h|gh 4a-g|u<_:a|_10transferase versus hydrolase activity 'ghat
structures of enzy carbose complexes af-amylases is characterlspc of GH77 amylomz_iltases. We |de_nt|f|ed
nea acceptor subsite$2 and+3 by modeling a substrate in the

from Aspergillus oryzae(PDB entry 7TAA) @8), pig L o
) . . active site and found that the main differences between GH77
pancreas (PDB entry 1CPUQ), Bacillus liquefaciengPDB and GH13 enzymes are centered at acceptor subgit&his

entry 1E3Z) 89), and barley (PDB entry 1BG9%(), and o PP
) ; ) subsite is unfavorable for substrate binding in Tt AMase,
in the complexes with acarbose of Bci251 CGTase (PDB but D249 at this site is important for activity and implies

entry 1DTU) @1) and Tabium CGTase (PDB entry 1A47) that the conserved residues in the 250s loop are necessary

(31). Acarbose inhibits the activity of these enzymes with . ) . L :
inhibition constants in the micromolar range (6270uM) Lorzzt;]reng;sproportlonatlon of malto-oligosaccharides by GH77

(22, 42—44), similar to the values obtained for Tt AMase.
Nevertheless, in the Taq AMasacarbose complex, acarbose g ppORTING INFORMATION AVAILABLE

binds at subsites-3 to +1 (13) instead of at subsites1 to

+3, and therefore, acarbose inhibits the enzyme most likely Amino acid sequence identifiers used for construction of
as a ground state inhibitor. Possibly, this binding at subsitessequence logos in Figure 3. This material is available free
—3to+1 is a result of the unfavorable substrate binding at of charge via the Internet at http://pubs.acs.org.

Glycoside hydrolase family 77 containsidglucanotrans-
ferases and is a member of Clan H, to which family 13
a-amylases and family 70 glucansucrases also beltjg (
As opposed to those ofi-amylases, structurgfunction
relationships of the GH77 enzymes have been little studied
although the 3D structure of the amylomaltase frdm
aquaticus (Tag AMase) has been determineti2. The
amylomaltases fronT. thermophilus(Tt AMase) andT.
aquaticugTaq AMase) differ at position 27 with a glutamine
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