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ABSTRACT: Glycoside hydrolase family 77 (GH77) belongs to theR-amylase superfamily (Clan H) together
with GH13 and GH70. GH77 enzymes are amylomaltases or 4-R-glucanotransferases, involved in maltose
metabolism in microorganisms and in starch biosynthesis in plants. Here we characterized the amylomaltase
from the hyperthermophilic bacteriumThermus thermophilusHB8 (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 4-R-glucanotransferases in theR-amylase superfamily. The active site contains
at least seven substrate binding sites, subsites-2 and+3 favoring substrate binding and subsites-3 and
+2 not, in contrast to several GH13 enzymes in which subsite+2 contributes 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 subsites+2 and+3 by site-directed mutagenesis.
Substitution of the fully conserved Asp249 with a Ser in subsite+2 reduced the activity 23-fold (for G7
as a substrate) to 385-fold (for maltotriose). Similar mutations reduced the activity ofR-amylases only up
to 10-fold. Thus, the characteristics of acceptor subsite+2 represent a main difference between GH13
amylases and GH77 amylomaltases.

Amylomaltases (EC 2.4.1.25) are intracellular 4-R-glu-
canotransferases that transfer part of a 1,4-R-D-glucan to an
acceptor molecule, such as glucose or anotherR-1,4-glucan
with a free 4-hydroxyl group. These enzymes have been
classified as part of glycoside hydrolase family 77 (GH77)
(1), which forms theR-amylase superfamily together with
GH13 and GH70, sharing a similar fold and active site
residues (2).

Amylomaltases have been found in microorganisms, as
well as in plants, where they are known as D-enzymes. In
Escherichia coli, the enzyme is essential for growth on short

malto-oligosaccharides, which are converted into glucose and
longer oligosaccharides. The glucose enters the glycolysis
pathway, while the longer malto-oligosaccharides are sub-
strates for maltodextrin phosphorylase, yielding glucose
1-phosphate which can be used in various metabolic path-
ways (3, 4). Nevertheless, the supply of substrates for growth
may not be the only function of amylomaltases, since
amylomaltase-encoding genes have also been identified in
bacteria likeAquifex aeolicus, which is not able to grow on
R-linked glucans (5, 6). In plants, D-enzyme is involved in
starch metabolism, where its precise role is unclear (7, 8),
although a role has been implicated in nocturnal maltose
metabolism in the cytoplasm (9). Amylomaltases can be used
for the production of cycloamylose (10) and thermo-
reversible starch gels (11), which are both of commercial
interest.

The first elucidated three-dimensional (3D) structure of a
GH77 enzyme was that of the amylomaltase fromThermus
aquaticusATCC33923 (Taq AMase)1 (12). It revealed a
catalytic A domain with a TIM barrel fold and inserted B1,
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B2, and B3 subdomains. A conserved loop of eight amino
acid residues, the 250s loop, is partially shielding the active
center. Amino acids that interact with the substrate have been
identified in the 3D structure of Taq AMase with the inhibitor
acarbose bound in the active site at substrate binding subsites
-3 to +1 (13). In the center of the substrate-binding cleft,
two conserved aspartate residues and one glutamate residue
were located (12), and they correspond to the three catalytic
acidic residues in the GH13 enzymes. From this, Asp293
has been proposed to serve as the nucleophile in the
R-retaining mechanism, Glu340 may function as the general
acid/base catalyst, and Asp395 may stabilize the oxocarbe-
nium ion-like transition state (12, 14, 15).

GH77 enzymes are efficient 4-R-glucanotransferases and
exhibit remarkably low hydrolytic activities that are at least
1 order of magnitude lower than that of cyclodextrin
glucanotransferases (CGTases) of GH13 (16-19), indicating
tight control of the reaction course during catalysis. Mu-
tagenesis of residues remote from the active site decreased
the hydrolytic activity of GH77 Taq AMase (16), but the
active site of these enzymes has not been studied in relation
to the reaction specificity.

In this study, we show that Tt AMase is a very efficient
4-R-glucanotransferase with one of the highest transglyco-
sylation to hydrolysis ratios in theR-amylase superfamily.
By characterizing the disproportionation activity, using
inhibition studies, modeling a maltoheptaose substrate in the
active site, and using site-directed mutagenesis, we confirmed
the roles of the putative catalytic residues and identified
acceptor subsites+2 and+3 in the active site. While the
main catalytic machinery is the same for GH77 and GH13,
the properties of acceptor subsite+2 distinguish the two
families.

MATERIALS AND METHODS

Chemicals, Strains, and Vectors.All chemicals were
analytical grade. Malto-oligosaccharides were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Food-grade
native potato starch was a gift from AVEBE (Veendam, The
Netherlands). A sample of acarbose from Bayer (Mijdrecht,
The Netherlands) was a gift from T. R. M. Barends
(University of Groningen). Oligonucleotides were from
Eurogentec (Seraing, Belgium).E. coli TOP10 andE. coli
BL21(DE3) were used as hosts for cloning and protein
production, respectively. Vector pET15b (pT7, N-terminal
His6 tag, ampR) (Novagen, Madison, WI) was used for
cloning of mutated amylomaltase (malQ) genes.

Purification of Thermus thermophilus Amylomaltase. The
T. thermophilus malQgene was cloned into the pET15b
vector (pCCBmalQ), which results in a protein with a
N-terminal His tag.E. coli BL21(DE3)/pCCBmalQ was
routinely cultured in 250 mL of LB+ medium (1% tryptone,
0.5% yeast extract, 0.5% NaCl, and 100µg/mL ampicillin)
at 37 °C while being shaken and purified as described
previously (17), the difference being that the cell-free extract
was incubated at 70°C for 10 min. Purified Tt AMase was
dialyzed against 25 mM sodium phosphate buffer (pH 7.5)
and stored at 4°C. Typically, 20-40 mg of pure Tt AMase
protein was obtained per liter of cell culture. The protein
concentration was determined according to the Bradford
method using the Bio-Rad reagent and bovine serum albumin
as a standard.

Construction of Site-Directed Mutants.Mutations were
introduced by PCR using the pCCBmalQ plasmid as a
template. D249S, D293N, D293A, E340A, D395N, D395A,
and F366L mutations were introduced using the megaprime
method. The E340Q mutation was introduced using the
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). DNA sequencing was used to verify the sequence
of the amplified DNA and to confirm the presence of the
desired mutations (BaseClear, Leiden, The Netherlands).

pH Optima.Two buffers were tested for determination of
the optimal pH for activity at 70°C, i.e., 90 mM sodium
maleate and 90 mM citrate-phosphate buffer in the pH range
of 3.5-7.5 essentially as described previously (17). In a vial,
500µL of 10 mM maltotriose in buffer was preheated for 2
min at 70°C. After addition of enzyme to a final concentra-
tion of 34 nM, glucose formation was followed for 1.5 min
by transferring 50µL samples with a 15 s interval to a 96-
well microtiter plate on ice. After addition of 180µL GOD-
PAP glucose detection kit per well (Roche), the 96-well
microtiter plate was incubated for 30 min at ambient temper-
ature, and the OD490 was determined. A glucose standard
curve (0-50 mM) was included in each plate. One unit of
activity was defined as the release of 1µmol of glucose/
min. For the Tt AMase variants D293N and E340Q, 100µL
of 10 mM maltotriose in 90 mM combined citrate-phosphate
buffer in the pH range of 4.0-7.0 was incubated with 33-
50 µM enzyme for 5-15 h at 70°C. Glucose formation was
assessed as described above. Tt AMase D293N and E340Q
were active below pH 6.5 and 5.5, respectively, but
precipitated during the necessary prolonged incubation times.
Wild-type Tt AMase precipitated below pH 5.5 under similar
extended incubation times as well, which showed that the
D293N mutation reduced the pH stability of the enzyme.

Kinetic Stability.Purified Tt AMase (0.1 mg/mL) in 25
mM sodium citrate and 25 mM sodium phosphate buffer (pH
5.5) was incubated at various temperatures (50-90°C). After
being incubated for 0, 5, 10, 15, 30, 45, 60, 90, 120, and
180 min, samples were removed and stored on ice. Residual
activity was determined as described above, and the half-
life of inactivation was calculated as described previously
(17).

Kinetic Analyses.Rates of product formation were ana-
lyzed by HPLC. Activity assays were performed as for
determination of the pH optimum. Samples (50µL) were
transferred to 450µL of DMSO at 15 s intervals, which
terminated the reaction, and analyzed for products up to G10
by Dionex HPLC as described previously (17). Standards
were included at the beginning, middle, and end of the
detection series to correct for detector drift. The detector
response factor for G7 was used for the determination of
the concentrations of G8, G9, and G10.

The disproportionation activity was routinely assayed at
70°C in 25 mM citrate-phosphate buffer at the pH optimum
of the respective Tt AMase variant as described previously
(17). A molecular mass of 59 337 Da was assumed in the
calculation of thekcat. The activity of D249S was measured
by incubating 425 nM enzyme in 10 mM substrate (G3-
G7) in 25 mM citrate-phosphate buffer (pH 5.5) (in
triplicate) at 70°C for 14 h. Subsequently, 50µL samples
were transferred to a 180µL GOD-PAP glucose detection
kit (Roche) and analyzed as described above. Samples
incubated without enzyme served as controls.
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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 previously (17). One unit of hydrolyzing
activity was defined as the production of 1µmol of reducing
ends/min.

The inhibitory effect of acarbose on the disproportionation
activity of Tt AMase was determined at eight concentrations
of maltotriose (0-25 mM) and acarbose concentrations of
25, 50, and 100µM. 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 inhibition (20)
using SigmaPlot (SPSS Inc., Chicago, IL).

RESULTS

Optimal pH for ActiVity and Stability of Tt AMase.The
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 70°C, the
temperature used for all kinetic analyses, the highest dis-
proportionation activity in combined citrate-phosphate
buffer was at pH 5.5-6.0, while it was optimal at pH 6.0-
6.5 for sodium maleate. In both buffers, the kinetic param-
eters were the same for the enzyme. In combined citrate-
phosphate buffer (pH 5.5), the enzyme was stable up to
80 °C, where it displayed an activity half-life of 18( 4 min
(data not shown).

Disproportionation of Malto-Oligosaccharides.At a sub-
strate concentration of 10 mM, the initial rate of formation
of disproportionation products was analyzed at 70°C using
malto-oligosaccharides with a degree of polymerization (DP)
of 3-7 as substrates (Figures 1 and 2). HPLC analysis
showed that Tt AMase wt formed a range of malto-
oligosaccharides on all substrates. In the case of maltotriose
(G3), products of DP6 and longer resulted from the dispro-
portionation of reaction products. Tt AMase has a higher

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
saccharide that is released when the covalent enzyme-
substrate reaction intermediate is formed, since it has to leave
the active site before the bound part of the substrate is
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 Taq AMase have been
reported. Previously, the disproportionation activities of the
cyclodextrin glucanotransferases (CGTases) fromBacillus
circulans 251 (Bci251) andThermoanaerobacterium ther-
mosulfurigenesEM1 (Tabium) have been characterized in
detail using the double-blocked substrate 4-nitrophenyl-R-
D-maltoheptaoside-4,6-O-ethylidene (21, 22). However, Tt

FIGURE 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 70°C. Formation of malto-oligosaccharide
products of (A) DP1-DP6 and (B) DP7-DP9 is depicted.

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 +5a productb

G3 O O Ø G1
G4 O O O Ø G1
G4 O O O Ø G3
G5 O O O O Ø G1
G5 O O O O Ø G3
G6 O O O O O Ø G4
G7 O O O O O O Ø G5
a The numbering of substrate binding subsites is that of Davies (55).

The glycosidic linkage is broken between subsites-1 and+1. b Product
that is released upon formation of the covalent intermediate; Ø, reducing
sugar.

Acceptor Subsites ofThermusAmylomaltase Biochemistry, Vol. 46, No. 17, 20075263



AMase was not able to convert this compound, nor was it
active on the chromogenic substratesp-nitrophenol (pNP)-
R-D-maltose and pNp-R-D-maltopentaoside (data not shown).
Therefore, Tt AMase was incubated with varying concentra-
tions of maltose (G2) to maltoheptaose (G7), and theKM

and kcat for release of glucose were determined (Table 2),
which are largely similar to those reported for the amylo-
maltases fromPyrobaculum aerophilum(17) andA. aeolicus
(6).

Maltose is a poor substrate for Tt AMase, indicating that
substrate binding in only subsites-1 and+1 is insufficient
for promotion of catalysis. Maltrotriose (G3) is dispropor-
tionated efficiently and yields glucose as a main product, as
a result of G3 binding in subsites-2 to +1. Only low levels
of maltose are produced from G3, indicating that subsite+2
has a negative effect on binding. The observed maltose
production demonstrates that Tt AMase is slightly more
versatile in substrate binding than potato D-enzyme andP.
aerophilum amylomaltase, which do not bind at all the
reducing end glucose residue of the substrate in acceptor
subsite+2, but rather in acceptor subsite+1 or in subsite
+3 (17, 23). Conversion of maltotetraose (G4) had glucose
as a main product as well, in agreement with substrate
binding at subsites-3 to +1. The 2-fold increasedKM for
this binding mode and the relatively high rate of maltose
release resulting from binding of G4 at subsites-2 to +2
signify a reduced affinity for substrate binding at subsite-3.
In addition, G4 is the only substrate that releases high levels
of the product resulting from the substrate occupying subsite
-1 as single donor subsite. In this case, G4 is bound at
subsites-1 to +3 and G3 is produced. When the substrate
length increased beyond DP4, the rates for glucose produc-
tion decreased with an increase in substrate length andKM

values increased. Maltose was produced at low levels for
these substrates as well, indicating that they are preferably
bound at the donor subsites and acceptor subsites+1, +2,
and +3, and possibly additional acceptor subsites. With
maltopentaose (G5) as a substrate, Tt AMase produced G1,
G3, and maltohexaose (G6) at almost equal rates
(Figure 2), G1 and G3 resulting from initial binding of G5
in two different binding modes (Table 1) and G6 resulting
from the disproportionation of a reaction product. Dispro-
portionation production rates of G6 and G7 indicate a
preferred binding at donor subsites-1 and -2 with the
remainder of the substrate in acceptor subsites. Thus, binding
at acceptor subsite+3 and possibly higher acceptor subsites
is favored over binding at donor subsite-3.

Hydrolysis of Starch by Tt AMase. Tt AMase is highly
active on gelatinized native potato starch, as judged from
the color shift of the starch-iodine complex from blue to
purple (data not shown). This color shift is due to the transfer
of amylose chains to the amylopectin branches (11, 24).
However, an increase in reducing ends was also measured,
which can be only the result of hydrolysis of amylose chains
by a water molecule acting as an acceptor by cleaving the
covalent enzyme-substrate intermediate instead of a glucan.
Nevertheless, this hydrolytic activity is very low (kcat )
6.0 × 10-2 s-1). The enzyme’s disproportionation activity
on maltotriose is 317 s-1 (Table 2). Since maltotriose was
the acceptor in this reaction, it is a 5000-fold better acceptor
than water. This high transglycosylation over hydrolysis
specificity of amylomaltase is much higher than that of other
Clan H enzymes. For instance, it is 10-, 150-, 500-, and 1000-
fold higher than that of GH13Bci251 CGTase (19), GH13
Neisseria polysacchareaamylosucrase (25), GH13 Tabium
CGTase (18), and GH70Lactobacillus reuteri121 reuter-
ansucrase (26), respectively. Thus, Tt AMase is one of the
most efficient glucanotransferases in Clan H. This is similar
to what has been found for the amylomaltase fromP.
aerophilum(17).

Inhibition by Acarbose.HPLC analysis demonstrated that
Tt AMase was not able to convert the inhibitor acarbose,
either in the absence or in the presence of malto-oligosac-
charides (data not shown). For Tt AMase-catalyzed dispro-
portionation of maltotriose, acarbose acted as a strong mixed
inhibitor with almost equal competitive and uncompetitive
binding constants (Ki,comp ) 3 µM, and Ki,uncomp ) 4 µM).
This indicates that acarbose is both bound in the active site
and at another site. Interestingly, the crystal structure of the
Taq AMase-acarbose complex reveals two acarbose binding
sites; one acarbose is bound in the active site, and the other
is near Tyr54,∼14 Å from the active site (13). However, it
is not known how acarbose binding at the latter site affects
the enzyme’s activity.

Catalytic Residues of Tt AMase.The active site architec-
ture of GH77 Taq AMase shows structural similarities to
those of GH13 enzymes (12), and several residues are
conserved between both families (Figure 3). Among these
are the predicted catalytic residues Asp293 (nucleophile,
region II), Glu340 (general acid/base catalyst, region III),
and Asp395 (third catalytic residue, region IV). To verify
the importance of these residues, they were substituted with
their respective amide derivative, or with alanine. The mutant
enzymes exhibited greatly reduced disproportionation activi-

Table 2: Kinetics of the Release of Glucose by Tt AMase wt and Mutants D249S and F366L Incubated with G2-G7 Substratesa

wild type F366L D249Sf

substrate KM (mM) kcat (s-1) KM (mM) kcat (s-1) inactiveg kcat (s-1) inactiveh

G2 NDb 6b NDb 5b Ne

G3 2.2( 0.2 317( 7c 3.3( 0.9 111( 9 4.2 0.68( 0.01 385
G4 5.4( 1.6 425( 33 2.4( 1.5 106( 18d 1.8 0.97( 0.03 298
G5 10.8( 1.2 329( 12 6.2( 1.9 179( 18c 1.0 3.98( 0.09 59
G6 17.4( 3.9 304( 28 15.5( 2.2 188( 18 1.4 3.26( 0.05 27
G7 14.9( 3.4 213( 19 15.1( 1.5 159( 8 1.3 1.99( 0.16 23

a Assays were performed in 25 mM citrate-phosphate buffer at pH 5.5 and 70°C. The enzyme concentration used in the assays varied from 34
nM (wild type and F366L) to 170 nM (D249S).b Cannot be determined. Data could not be fitted according to Michaelis-Menten kinetics. The
highest observed activity is shown.c Substrate inhibition above 25 mM.d Substrate inhibition above 7.5 mM.e Not determined.f Activity determined
at a substrate concentration of 10 mM.g Inactivation rate: (kcat/KM)wt/(kcat/KM)F366L. h Inactivation rate: the activity of Tt AMase wt on 10 mM
substrate divided by the activity of D249S.
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ties (Table 3). Tt AMase D293A was least active, which
agrees with the proposed role of Asp293 as a nucleophile in
the reaction. Figure 4 shows how the activity of the catalytic
amide variants depends on the pH. At pH values above the
pH optimum (pH 5.5), the profile of D293N is similar to
that of the wild type, while the activity of E340Q is pH-
insensitive. This agrees with their predicted roles as a
nucleophile and general acid/base catalyst, respectively, for
carbohydrate active enzymes that convert substrates via a
retaining mechanism (27, 28). The third catalytic residue of
GH13 aids in stabilizing the transition state by helping to
distort the -1 sugar toward planarity and reducing the

electronegativity of the 2-OH group (14). In addition, this
residue has been suggested to increase the pKa of the catalytic
acid or base residue, thus increasing the optimal pH for
activity (29). The D395N mutation in AMase is in agreement
with this notion since the activity of D395N AMase at higher
pH values is reduced compared to that of the wt enzyme
(Figure 4).

Model for Substrate Binding in the ActiVe Site of Tt AMase.
In GH13 enzymes, acceptor subsites+1, +2, and+3 are
important for the course of the catalyzed reaction (18). Tt
AMase subsites-3 to +1 have been identified in the
crystal structure of Taq AMase complexed with acarbose
(Figure 5A) (13). Several residues that interact with the
acarbose glucose residues in subsites-1 and +1 in Taq
AMase, including the catalytic residues, are present in three
of the four conserved regions (Figure 3). However, in GH77
enzymes, these regions do not seem to contain residues that
interact with the substrate in acceptor subsite+2. To identify
potential enzyme-substrate interactions in subsites+2 and
+3 of GH77 enzymes, a model for substrate binding by Tt
AMase was constructed. The modeling was started by
superimposing the structure of Taq AMase with bound
acarbose (13) on that of porcine pancreaticR-amylase with
a bound maltohexaose inhibitor (30) on the basis of the
conserved active site residues of both enzymes. The torsion
angles of the glycosidic bonds were adjusted to optimize the
fit of the oligosaccharide in the active site of Taq AMase.
This modeling was aided by comparisons with the confor-
mations of other oligosaccharides complexed withR-amy-
lase family enzymes, such as maltononaose bound to
CGTase (14), and a maltohexaose inhibitor bound to Tabium
CGTase (18). The final model with an oligosaccharide
bound from subsite-4 to +3 is schematically shown in
Figure 5B. The sugar residues at subsites-1 to +2 have a
conformation similar to that which was observed in Tabium
CGTase with a maltohexaose inhibitor in the active site
(18). In contrast, the residues at subsites-4 to -2 have a
more linear, extended conformation than those in Tabium
CGTase, which are poised to form a cyclodextrin molecule.
For comparison, Figure 5C shows the binding of a malto-
hexaose inhibitor in subsites-3 to + 3 in Tabium CGTase
(31).

Asp249 and Phe366 in Acceptor Subsites+2 and+3. The
model predicted that Asp249 and Phe366 in putative acceptor
subsites+2 and+3 interact with the substrate (Figure 5B).
Therefore, these residues were analyzed by site-directed
mutagenesis to test their role in substrate binding and
catalysis. The D249S mutation at subsite+2 resulted in a
23-385-fold reduced glucose liberation activity (Table 2),
which disabled further kinetic characterization. The hydro-
lytic activity of this mutant on potato starch was too low to
be detected. Thus, Asp249 is important for catalysis by Tt
AMase. The F366L substitution in subsite+3 had a less
severe effect on Tt AMase activity. The starch hydrolase
activity of this mutant was 4.0× 10-2 s-1, which is
comparable to that of the wild-type enzyme (6.0× 10-2 s-1).
The kcat/KM of the F366L mutant was most decreased for
the conversion of G3, while it was similar to that of the wild
type for the disproportionation of G4-G7 (Table 2). Interest-
ingly, there is a difference in substrate inhibition between
the wild-type enzyme and the F366L mutant. Wild-type Tt
AMase is most active on G3, but it is inhibited above 25

FIGURE 3: Sequence logos of the four conserved regions of (A)
GH13 enzymes [based on 29 CGTase and 37R-amylase sequences
(Bci251 CGTase amino acid numbering)] and (B) the corresponding
regions in GH77 enzymes (based on 44 GH77 enzyme sequences).
Residues with numbers above them interact with the substrate in
the respective subsite according to (A)Bci251 CGTase complexed
with maltononaose (PDB entry 1CXK) (14) and (B) a model of
maltoheptaose bound to Tt AMase (this study). N, nucleophile; A,
general acid/base catalyst; T, transition state stabilizer. Identifiers
of the sequences used for construction of the logos are listed in
Table S1 of the Supporting Information. Logos were produced using
the Weblogo server (http://weblogo.berkeley.edu/logo.cgi).

Table 3: Specific Activities of Tt AMase Catalytic Mutantsa

kcat (s-1) relative activityb

D293N 2× 10-2 7 × 10-5

D293A 4× 10-5 1 × 10-7

E340Q 6× 10-3 2 × 10-5

E340A 9× 10-4 3 × 10-6

D395N 2× 10-1 7 × 10-4

D395A 6× 10-4 2 × 10-6

wild type 291 1
a Disproportionation activities were determined in 25 mM maltotriose

in 50 mM sodium maleate at pH 6.5 and 70°C. The enzyme
concentration used in the assays varied between 34 nM and 3.4µM.
b The activity of the mutant divided by the activity of the wild type.

FIGURE 4: Effect of pH on the activity of Tt AMase wt ([), D293N
(×), E340Q (9), and D395N (2). Tt AMase E340Q and D293N
were not stable below pH 5.5 and 6.5, respectively. The activity of
D293N has been normalized to the activity of Tt AMase wt at pH
6.5. G1 release was assessed on 10 mM G3 in 90 mM sodium
citrate/90 mM NaPi buffer at 70°C. The enzyme concentrations
were 34 nM (Tt AMase wt) and 33-50 µM (D293N, E340Q, and
D395N).
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mM G3 (the activity at 50 mM maltotriose was 75% ofkcat).
Instead, the F366L mutant is most active on G4 and is
severely inhibited above 7.5 mM G4 (activity at 50 mM G4
was 0). Thus, the F366L substitution abolished the G3

substrate inhibition observed for wild-type Tt AMase but
introduced G4 substrate inhibition. This indicates that subsite
+3 is indeed involved in substrate binding. As such, the
characteristics of the D249S and F366L mutants support the

FIGURE 5: Schematic overviews of (A) binding of acarbose in the active site of Taq AMase (PDB entry 1ESW, modified from ref13), (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 from ref31). Catalytic 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, since it is the only structure demonstrating sugar binding in acceptor subsite+3.
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proposed model for substrate binding in acceptor subsites
+2 and+3.

DISCUSSION

Glycoside hydrolase family 77 contains 4-R-glucanotrans-
ferases and is a member of Clan H, to which family 13
R-amylases and family 70 glucansucrases also belong (1).
As opposed to those ofR-amylases, structure-function
relationships of the GH77 enzymes have been little studied,
although the 3D structure of the amylomaltase fromT.
aquaticus (Taq AMase) has been determined (12). The
amylomaltases fromT. thermophilus(Tt AMase) andT.
aquaticus(Taq AMase) differ at position 27 with a glutamine
and arginine residue, respectively, which are solvent-exposed
and are located on the opposite side of the enzyme from the
active site. As a consequence, the biochemical properties of
Tt AMase are very similar to those reported for Taq AMase
(16, 32). Therefore, Tt AMase and Taq AMase will be
regarded as the same enzyme in this discussion.

Tt AMase produces the same range of products upon
incubation with malto-oligosaccharide substrates as several
other GH77 enzymes (6, 32, 33). The substrate binding
modes determined for Tt AMase are similar to those
determined for potato D-enzyme (23). The kinetics of product
formation by Tt AMase shown in Figure 1 also correspond
well to the production of even- and odd-numbered malto-
oligosaccharides predicted from an in silico simulation of
the disproportionation of maltotriose by D-enzyme (34). At
least seven and possibly up to nine substrate binding subsites
contribute to catalysis in Tt AMase. As for barley and
salivary amylase, Tt AMase subsite-2 is favored in substrate
binding (35, 36), while the unfavorable binding affinity of
donor subsite-3 is present in barley amylase as well (36).
However, acceptor subsites+2 and +3, which have a
negative and positive effect on substrate binding, respec-
tively, are different compared to those of the two amylases
(35, 36). In addition, the+2 subsites of human pancreatic
amylase and Tabium CGTase favor substrate binding as well
(22, 37), which focused our attention on Tt AMase acceptor
subsites+2 and+3.

The pseudotetrasaccharide acarbose is a potent inhibitor
of enzymes of theR-amylase family. The inhibitory moiety
of acarbose is acarviosine, which mimics the transition state
of the reaction, and is expected to bind at subsites-1 and
+1 (28). Indeed, acarbose, which consists of an acarviosine
unit with a maltose unit attached to its reducing end, has
been found to bind at subsites-1 to +3 in the crystal
structures of enzyme-acarbose complexes ofR-amylases
from Aspergillus oryzae(PDB entry 7TAA) (38), pig
pancreas (PDB entry 1CPU) (37), Bacillus liquefaciens(PDB
entry 1E3Z) (39), and barley (PDB entry 1BG9) (40), and
in the complexes with acarbose of Bci251 CGTase (PDB
entry 1DTU) (41) and Tabium CGTase (PDB entry 1A47)
(31). Acarbose inhibits the activity of these enzymes with
inhibition constants in the micromolar range (0.1-270µM)
(22, 42-44), similar to the values obtained for Tt AMase.
Nevertheless, in the Taq AMase-acarbose complex, acarbose
binds at subsites-3 to +1 (13) instead of at subsites-1 to
+3, and therefore, acarbose inhibits the enzyme most likely
as a ground state inhibitor. Possibly, this binding at subsites
-3 to +1 is a result of the unfavorable substrate binding at

acceptor subsite+2. Thus, identification of acceptor binding
sites +2 and +3 in Tt AMase by modeling of a malto-
oligosaccharide substrate in the active site appeared to be
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 residues (45-47).
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
residual activity may be caused by a low degree of spontane-
ous deamidation of the Asp293Asn mutant (see, e.g., ref48).
Second, destabilization of the substrate residue bound in
subsite-1 may allow it to react directly with an incoming
acceptor even in the absence of the nucleophilic Asp. This
property has been exploited in the design of artificial
“glycosynthases” (49, 50). Finally, the residual activity may
result from errors in translation and protein synthesis (51).

We showed that the basic catalytic machinery of GH77
and GH13 enzymes is the same. Therefore, we assumed that
substrate binding in Tt AMase and GH13 enzymes is similar.
Modeling of a maltoheptaose in the Tt AMase active site on
the basis of GH13-enzyme-inhibitor structures allowed the
identification of acceptor binding subsites+2 and+3, which
was confirmed by substitution of Asp249 and Phe366. This
implicated the 250s loop, which is unique to GH77 enzymes,
in substrate binding (12). Asp249, Gln256, and Trp258 in
this loop are fully conserved residues in GH77 sequences
and interact with the substrate according to the model.

The reduction of the disproportionation activity of Tt
AMase F366L is comparable to that caused by the E264A
mutation in acceptor subsite+3 of Bci251 CGTase (52),
indicating that subsite+3 has similar properties in both
enzymes. On the other hand, we found that Tt AMase activity
relies more on acceptor subsite+2 than on subsite+3. The
D249S substitution reduced Tt AMase activity to a larger
extent than similar substitutions in barley and salivary
amylases (53, 54) or Tabium CGTase (18), indicating that
the role of subsite+2 in catalysis is more important in Tt
AMase than in GH13 enzymes.

Tt AMase was found to be a highly active enzyme with
at least seven and possibly up to nine substrate binding sites
that readily acts on its products. The enzyme exhibited the
high 4-R-glucanotransferase versus hydrolase activity that
is characteristic of GH77 amylomaltases. We identified
acceptor subsites+2 and+3 by modeling a substrate in the
active site and found that the main differences between GH77
and GH13 enzymes are centered at acceptor subsite+2. This
subsite is unfavorable for substrate binding in Tt AMase,
but D249 at this site is important for activity and implies
that the conserved residues in the 250s loop are necessary
for the disproportionation of malto-oligosaccharides by GH77
enzymes.

SUPPORTING INFORMATION AVAILABLE

Amino acid sequence identifiers used for construction of
sequence logos in Figure 3. This material is available free
of charge via the Internet at http://pubs.acs.org.
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