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AmyA, an �-amylase from the hyperthermophilic bacterium Thermotoga maritima, is able to hydrolyze
internal �-1,4-glycosidic bonds in various �-glucans at 85°C as the optimal temperature. Like other glycoside
hydrolases, AmyA also catalyzes transglycosylation reactions, particularly when oligosaccharides are used as
substrates. It was found that when methanol or butanol was used as the nucleophile instead of water, AmyA
was able to catalyze alcoholysis reactions. This capability has been evaluated in the past for some �-amylases,
with the finding that only the saccharifying fungal amylases from Aspergillus niger and from Aspergillus oryzae
present measurable alcoholysis activity (R. I. Santamaria, G. Del Rio, G. Saab, M. E. Rodriguez, X. Soberon,
and A. Lopez, FEBS Lett. 452:346–350, 1999). In the present work, we found that AmyA generates larger
quantities of alkyl glycosides than any amylase reported so far. In order to increase the alcoholytic activity
observed in AmyA, several residues were identified and mutated based on previous analogous positions in
amylases, defining the polarity and geometry of the active site. Replacement of residue His222 by glutamine
generated an increase in the alkyl glucoside yield as a consequence of a higher alcoholysis/hydrolysis ratio. The
same change in specificity was observed for the mutants H222E and H222D, but instability of these mutants
toward alcohols decreased the yield of alkyl glucoside.

�-Amylases (EC 3.2.1.1) are retaining glycosidases that cat-
alyze the hydrolysis of internal �-1,4-glycosidic bonds in starch
through a double-displacement mechanism in which a covalent
intermediate glycosyl enzyme is deglycosylated by water (43,
62). �-Amylases contain 5 to 11 subsites that bind glucose
moieties (8, 51), with their numbers and relative affinities de-
fining their product profiles (38). Like all retaining glycosi-
dases, �-amylases can also catalyze transfer reactions, which
are the result of employing molecules other than water as
glucosyl acceptors, such as carbohydrates (transglycosylation
reactions) or alcohols (alcoholysis reactions). When a high-
molecular-weight alcohol is used as an acceptor, the product is
an alkyl glycoside with surface tension activity properties that
are important in several industrial applications. Therefore, the
extremely laborious and inefficient chemical synthesis of alkyl
glycosides presents an opportunity to develop enzymatic meth-
ods devoted to increasing the yields and specificities of these
reactions.

The feasibility of alcoholysis reactions using various exogly-
cosidases has been extensively investigated (references 57 and
65 and references therein), and although efficient processes
have been developed using activated substrates, such as p-
nitrophenyl-glucoside or p-nitrophenyl-galactoside, with �-
and �-glucosidases and galactosidases, the use of a readily
available substrate, such as starch or amylodextrins, could
prove attractive if efficient reactions employing �-amylases are
developed.

For a given degree of starch depolymerization, endoamy-
lases (such as �-amylase) generate lower-molecular-weight
products than exoamylases (such as �-amylase or glucoamy-
lase); while the former hydrolyze the polymer chain at random,
the latter perform the hydrolysis from the nonreducing end of
the molecule. However, in the case of maltogenic or sacchar-
ifying �-amylases, which are in principle endoenzymes, lower-
molecular-weight products are obtained, presumably as a re-
sult of differences in subsite binding site affinities (3, 32) and
the combination of hydrolytic and transfer mechanisms during
the degradation process (42). Consequently, saccharifying
�-amylases, such as Aspergillus oryzae and Aspergillus niger
�-amylases, can transfer glucoside residues to alcohols (39), a
limited property in liquefying �-amylases (55).

The direct use of fungal �-amylases for the production of
alkyl glycosides from starch is precluded by the high temper-
ature required for starch solubilization and the required sta-
bility of the protein toward alcohols. Currently, the industrial
processing of starch requires initial hydrolysis by a liquefying
(bacillar) thermostable �-amylase during the phase known as
liquefaction, which is followed by a saccharifying step after pH
and temperature adjustment due to the thermal stability of the
saccharifying glucoamylase (63). In this context, the use of a
thermophilic saccharifying �-amylase would be attractive, not
only in the development of alcoholysis reactions, but also in the
starch-processing industry, considering that thermophilic pro-
teins are by their nature more stable at higher temperatures
than their mesophilic equivalents and that thermostability has
often been related to other important properties for a biocat-
alyst, such as resistance to substrate or product inhibition, as
well as substrate and product solubility (66).

In 1997, Liebl et al. described an �-amylase (AmyA) found
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in the hyperthermophilic bacterium Thermotoga maritima
MSB8 (DSM 3109) as a saccharifying amylase with an optimal
temperature at 85°C that was able to hydrolyze internal �-1,4-
glycosidic bonds in various �-glucans, such as starch, amylose,
amylopectin, and glycogen, yielding mainly glucose and malt-
ose as final products (37). As AmyA offers the advantage of a
saccharifying profile in a very stable scaffold, we decided to
explore its properties as a transferase, particularly in alcohol-
ysis reactions, compared to other �-amylases and to improve
this property by site-directed mutagenesis.

From the structural point of view, the direct comparison
through multiple-sequence alignments of liquefying and sac-
charifying enzymes, as well as maltogenic amylases, neopullu-
lanases, and CGTases, that have important transglycosylation
activities has allowed the identification of residues potentially
involved in transglycosylation activity (20, 30, 54). In spite of
the fact that the �-amylase AmyA from T. maritima is already
a saccharifying enzyme, after a sequence and structure com-
parison, we were able to identify various residues that are
important in saccharifying amylases and are not conserved in
the T. maritima �-amylase, suggesting that their mutation may
generate an even more saccharifying enzyme; actually, as al-
coholysis can be considered a specific type of transfer reaction,
this would probably result in a more alcoholytic enzyme.

Several reports in the literature indicate that transglycosyl-
ation activity can be introduced or modified by promoting the
effective concentration of less polar substrates in the active
site, either by decreasing the affinity for water (7, 20, 34) or by
modifying the geometry of the active site to disable the acti-
vation of the catalytic water molecule (39) and thereby favor-
ing the activation of other, bulkier acceptor groups. The im-
portance of aromatic residues in substrate binding at the active
site of glycosidases through stacking interactions is well docu-
mented (7), and it has been proven that the introduction or
substitution of these kinds of residues can modify the affinity of
the protein at the different substrate subsites, affecting both the
product profile and the activity of the enzyme (40, 45, 50, 54).

With this background, we focused our mutagenic strategy
especially on those aromatic residues that, according to our
model, might be involved in stacking interactions with the
substrate, like Trp177, Tyr178, and Phe179 in domain B and
His222 and Val259 in domain A of T. maritima �-amylase. Our
expectations were that the modification of these residues to
linear side chains might favor the entrance of other substrates
to compete with water.

In the present work, we report some properties of AmyA
and analyze the properties of several mutant proteins intended
to improve the capacity of AmyA to carry out transglycosyla-
tion and alcoholysis reactions, in particular, its alcoholytic ac-
tivity using starch as a substrate. The mutation positions were
defined based on multiple-sequence alignments and a struc-
tural model constructed for AmyA.

MATERIALS AND METHODS

Homology modeling of AmyA. There is no structural information on AmyA.
However, it contains the four most highly conserved signatures present in mem-
bers of family 13 of glycoside hydrolases (16, 26, 44, 52, 61) and 31% sequence
identity to its closest homologous with known structure. In order to identify
residues near the active site, a homology model for �-amylase AmyA was gen-
erated with the Swiss Model server (http://www.expasy.ch/swissmod/SWISS

-MODEL.html) (19) using the coordinates of the �-amylase from A. oryzae
(Protein Data Bank [PDB] entry 7TAA) (7) complexed with a modified acarbose
inhibitor as a template. The side chain conformations in the model (root mean
square score) were evaluated using the WHAT CHECK program (21). The
model was minimized, and the substrate was introduced by homology to the TAA
structure using InsightII molecular-modeling software (Accelrys Software, Inc.).
Alternatively, using the program Deep View/Swiss PDB viewer version 3.7 (http:
//expasy.org/spdbv/) (19), the modified acarbose inhibitor crystallized in the
7TAA structure was superimposed on the generated model, guided by the four
conserved regions characteristic of the amylase family (46).

Gene cloning and site-directed mutagenesis. The amyA gene from T. maritima
(GenBank accession number CAA72194) was cloned into pET28a� from a T.
maritima library kindly provided by Enrique Morett, using the oligonucleotides
5�-CGAAGGCATATGAAGGTTGTGAAG-3� and 5�-CGATCCAAGCTTCA
CTTTTTGAAAATGTACGC-3� through the NdeI and HindIII restriction sites.
The megaprimer method (56) was used to construct a DNA fragment carrying
mutations at positions Trp177, Tyr178, and Phe179 to valine; His222 to aspartic
acid, glutamic acid, and glutamine; and Val259 to tryptophan using the oligonu-
cleotides 5�-CCGAAATACACGACTTTTTGACC-3�, 5�-CCGAAAACCCAG
ACTTTTTGACCC-3�, 5�-AGCCAAAAAGTCCGACATACCAGAC-3�, 5�-G
ACCAGCCATATATSTSCTTTGCAGC-3� (where S � G or C), and 5�-CCG
CTGAACCACTCTCCCAC-3�, respectively, by PCR, in combination with the
oligonucleotide 5�-CGAAGGCATATGAAGGTTGTGAAG-3�, which anneals
at the 5� terminus of the gene. The megaprimers obtained were purified and
further extended in a second round of PCR with the oligonucleotide 5�-CCGC
AAGCTTTTTGAAAATGTACGCTTTC-3�, which anneals at the 3� end to
complete the genes. The resulting mutated genes were cloned through NdeI and
HindIII restriction sites in the pET28a� expression vector from Novagen, which
adds a sequence that encodes a six-His tag at the 3� termini of the genes. The
ligated vectors were used to transform electrocompetent ER2566 E. coli cells
(New England Biolabs) by electroporation and plated on Luria-Bertani medium
supplemented with 25 �g/ml kanamycin. Plasmid DNA was purified from six
independent colonies using the High Pure plasmid isolation kit (Roche) and
sequenced completely to ensure that mutations other than the ones designed did
not occur. In order to carry out a fine characterization of particular mutants, the
genes were subcloned, eliminating the signal peptide-coding region. To do this,
the already mutated genes were amplified with the oligonucleotides 5�-TTGCT
GAGCCGAAGGCATATGTGCTTTCAAACGTCTATGAGTCAATCC-3�
and 5�-CGATCCAAGCTTCACTTTTTGAAAATGTACGC-3� and subcloned
through NdeI and HindIII restriction sites in vector pET28a� as described
above. Production of proteins with these vectors had a much higher yield, and
contamination of unprocessed peptide was avoided.

Enzyme purification. Transformants of wild-type AmyA and mutants were
cultured in 3 liters of Luria-Bertani medium supplemented with kanamycin and
induced with 0.25 mM dioxane-free IPTG (isopropyl-�-D-thiogalactopyranoside)
at an optical density at 600 nm of 0.4 and grown further at 21°C for 12 h. The cells
were spun down at 5,000 � g for 30 min at 4°C. The pellet was resuspended in
7 ml of 300 mM NaCl, 50 mM Na2HPO4 buffer, pH 7.7, and lysed by sonication
on an ice bath (Branson Sonifier 450). The cell extracts were heated at 82°C for
20 min, centrifuged for 30 min at 5,000 � g at 4°C, filtered through a 0.2-�m
membrane, and purified using a 5-ml affinity column (HiTrap Chelating HP;
Amersham Biosciences) using Ni2� as a ligand in an Ákta-Pharmacia fast protein
liquid chromatography system. The column was washed with 20 volumes of 20
mM imidazole, and the protein was eluted with a 25-volume linear gradient from
20 to 300 mM imidazole in 300 mM NaCl, 50 mM Na2HPO4 buffer, pH 7.7, at
a flow rate of 5 ml/min. Fractions with high amylase activity were pooled,
concentrated, and dialyzed against 20 mM Tris buffer, pH 8, and purified on a
MonoQ 4.6/100PE (Amersham Biosciences) anion-exchange column employing
a linear gradient of 0 to 1,000 mM NaCl in a 20 mM Tris buffer, pH 8. Fractions
with high amylase activity were dialyzed against 50 mM Tris, 150 mM NaCl, 2
mM CaCl2 buffer, pH 7. Protein purity was assured by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the concentration was quantified by the
Bradford method (Bio-Rad) using bovine serum albumin as a standard. The
proteins expressed without signal peptide were purified from 500-ml cultures
treated as described above, except that as a second purification step, size exclu-
sion chromatography instead of anion exchange was used. For this step, a Su-
perose HR12 column (Amersham Bioscience) was used in a fast protein liquid
chromatography system, using 50 mM Tris, 150 mM NaCl, and 2 mM CaCl2
buffer at pH 7 as an eluent.

Activity determination. The enzyme activities of wild-type AmyA and the
mutants were estimated by measuring the initial velocities of formation of re-
ducing sugars released upon starch hydrolysis by the 3,5-dinitrosalicylic acid
method as reported previously (50). The reaction was carried out in 1 ml of
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10-mg/ml soluble starch (Sigma-Aldrich) dissolved in 50 mM Tris, 150 mM NaCl,
2 mM CaCl2 buffer, pH 7, at 85°C, employing approximately 4 U/ml of activity in
each enzyme assay. Only in the case of the wild-type and mutants at position
His222, the concentration of substrate (soluble starch from Sigma-Aldrich) was
varied from 0.1 to 10 mg/ml to obtain Michaelis-Menten parameters. A unit of
enzyme activity is defined as the amount of glucose equivalents (�mol) released
per min and is reported in terms of mg of AmyA.

Product profile. Starch hydrolysis reactions carried out with 10 U/ml of wild-
type AmyA were conducted at 85°C in a Thermomixer Compact (Eppendorf) in
1 ml of 50 mM Tris-Bis-HCl, 150 mM NaCl, 2 mM CaCl2 buffer, pH 7, with 3%
soluble starch as a substrate. Samples were taken after 30 min to determine the
reaction progress and after 24 h to obtain the product concentration at equilib-
rium. Samples were analyzed by thin-layer chromatography (TLC) and quanti-
fied by high-pressure liquid chromatography (HPLC). For TLC analysis, 10-cm
by 10-cm by 200-�m Whatman Silica Gel 60 plates were used, with a mixture of
ethanol, butanol, and water as a solvent (50:30:20), and visualized as previously
reported (54). Reverse-phase HPLC was carried out in a Waters-Millipore 510
HPLC system with a refractive-index detector (Waters model 410) equipped with
an automatic sampler (model 717 Plus) and a C18 column (4.6 by 250 mm) using
water as the mobile phase at a flow rate of 0.7 ml/min.

Alcoholysis reactions. 20 U/ml of each enzyme was incubated at 85°C in a
Thermomixer Compact (Eppendorf) with a suspension of 6% starch and either
20% methanol in 50 mM Tris, 150 mM NaCl, 2 mM CaCl2 buffer, pH 7, or a
solution of the same buffer containing 8% butanol saturated with the same
buffer. The reaction products were analyzed after 48 h of reaction. Methyl and
butyl glycosides were visualized by TLC as previously described (54). In order to
quantify the total amount of alkyl glycosides after the reaction, all products were
hydrolyzed for 3 h at 40°C with A. niger glucoamylase (43 U/ml) (Sigma-Aldrich)
to transform all the alkyl glucosides into alkyl glucoside and glucose. Samples of
the reaction mixture were diluted 1:2 and analyzed in an HPLC system equipped
with a Nova-Pak aminated column (4.6 mm by 250 mm) using acetonitrile and
water as the mobile phase (67:33) at a flow rate of 0.8 ml/min. The peak areas
were measured and compared against those of a standard curve containing
known amounts of oligosaccharides from glucose (G1) to maltoheptaose (G7)
and the corresponding alkyl glucoside (Sigma-Aldrich). Alcoholysis and hydro-
lysis events were calculated taking into account the amounts of equivalents of
alkyl glucoside quantified by HPLC and the number of equivalents of glucose
released in the reaction.

Determination of alcoholysis yields. When a hydrolysis reaction takes place,
for each molecule of a reducing substrate broken, one additional reducing end is
formed, increasing its contribution to the solution reducing power, while when an
alcoholysis reaction occurs, there is no real gain in reducing power. Therefore, a
measure of the increasing equivalent dextrose concentration measured by the
3,5-dinitrosalicylic acid method (59) reflects the number of hydrolysis events
occurred during the reaction, while the number of alcoholysis events can be

independently determined by quantification of the increase in the alkyl glucoside
concentration in the same period of time. From these data, it is possible to
determine the numbers of hydrolysis and alcoholysis events in the reaction, as
well as an alcoholysis/hydrolysis ratio and an alcoholysis efficiency: It is important
to point out that this is an approximate calculation, as it assumes that the
reducing power is independent of the oligosaccharide chain length. Nevertheless,
it is useful as a comparative tool for modified amylases.

Transglycosylation reactions. Aliquots with 4 U/ml of native and mutant
enzymes were incubated at 85°C in a Thermomixer Compact (Eppendorf) with
2% maltotriose and maltotetraose (Sigma-Aldrich), each diluted in 50 mM
Tris-Bis-HCl buffer, pH 7, containing 150 mM NaCl, 2 mM CaCl2. Aliquots were
taken at 0 and 10 min and 1 and 12 h, and the reaction was stopped by transfer
of the sample to ice; the products were visualized by TLC as previously reported
(54), employing a mixture of oligosaccharides containing G1 to G7 as standards.

Thermostability. Aliquots of the wild-type and mutant enzymes were incu-
bated at 85°C in sealed Eppendorf tubes in a Thermomixer Compact (Eppen-
dorf). Residual enzyme activity was measured at 85°C with 10 mg/ml of starch
after different incubation times, starting from an activity of 3 U/ml. The value of
stability is reported as a percentage of residual activity, taking the activity prior
to incubation as 100% activity.

RESULTS

Product profile formation with wild-type AmyA. The starch
hydrolysis product profile is shown in Fig. 1a, where it may be
observed that glucose (G1) and maltose (G2) are the main
products, as already demonstrated (37). In contrast to other
bacillar �-amylases, such as those of Bacillus stearothermophi-
lus or Bacillus licheniformis, which produce maltopentaose
(G5) and maltohexaose (G6) as the main products after exten-
sive starch hydrolysis, the product profile obtained with AmyA
is similar to the profile observed with A. niger �-amylase
(15, 55).

Alcoholysis reactions with wild-type AmyA. The higher de-
gree of starch depolymerization observed with AmyA in com-
parison to other bacterial �-amylases can be explained in terms
of a combination of hydrolase and transferase reactions, as
already demonstrated by del Rı́o et al., (14). Therefore, we
decided to explore if AmyA was also capable of catalyzing
alcoholysis reactions. Figure 2a shows the alcoholysis profile of

FIG. 1. (a) TLC product profile of the hydrolysis reaction of a 30-mg/ml starch solution with 10 U/ml of the wild-type and mutant �-amylases
from T. maritima after 24 h of reaction at 85°C. G1, glucose; G2, maltose; G3, maltotriose; G4, maltotetraose; G5, maltopentaose; G6,
maltohexaose; G7, maltoheptaose. Lane 1, malto-oligosaccharides; lane 2, wild type; mutants, lanes 3, H222Q; 4, H222E; 5, H222D; 6, W177V;
7, Y178V; 8, F179V; and 9, V259W. (b) Quantification of G1, G2, and G3 for the different variants.
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wild-type AmyA. Besides the spots that comigrate with malto-
dextrins, corresponding to hydrolysis products, we can observe
spots that do not correspond to maltodextrins, among which
methyl glucoside can be identified from a standard. In order to
quantify the alcoholysis yield, given the wide diversity of
methyl glycoside products, we treated the resulting reaction
products with glucoamylase, an exoglycosidase that excises
�-1,4-saccharides at the nonreducing end. The quantification
of the resulting methyl glucoside was carried out by HPLC.
After 48 h of incubation, the concentration of methyl glucoside
generated by AmyA was 8 mg/ml.

Structural model of AmyA. The structural model generated
on the basis of homology with A. oryzae �-amylase (see Mate-
rials and Methods) shows that the catalytic (�/�)8 barrel do-
main, or A domain, is the more conserved domain. Domain B
varies in size and structure from one amylase to another (25,
26, 47). Although some sequence similarities allow the classi-
fication of glycoside hydrolases into subgroups that presumably
share the same supersecondary structure in domain B (23),
AmyA shows a very low sequence identity to most amylases in
this region. In effect, when a PSI-BLASTP (4, 5) search of its
sequence was run against all nonredundant GenBank coding
sequence databases, only a few high-score hits were obtained
in the B domain sequence. This was the case for �-amylases
from Thermosipho melanesiensis BI429 and from Fervidobacte-
rium nodosum, while a lower score (under 60%) was obtained
for oligo-1,6-glucosidases from some Lactobacillus species. As
there is no crystal structure for any of these proteins, the

domain B generated model is inaccurate and has to be taken
with caution. As far as the C domain is concerned, it has a
more conserved Greek key motif; however, it is less relevant
for the reaction itself, since it is far from the active site (Fig.
3A). The modified acarbose inhibitor can be observed inside a
crevice between domains A and B. Selection of residues to
mutagenize was focused on residues located 4 Å around the
modified acarbose (Fig. 3B). Based on the reports in the liter-
ature (30, 36, 64), special attention was devoted to aromatic
residues and residues that could form hydrogen bonds near the
acceptor binding sites (subsites �1, �2, and �3).

Among the potential residues to mutagenize, we identified
residue His222, which points toward the sugar moiety at sub-
site �1 (Fig. 3B). In fact, in �-amylase from A. oryzae, the
equivalent His222 hydrogen bonds the substrate sugar situated
at subsite �1 (9). This residue has also been implicated in
Ca2� ion coordination and is conserved in �-amylases (Fig. 4).
Therefore, we decided to investigate its role in AmyA trans-
glycosylation and alcoholysis activities by replacing it with
polar linear residues, like aspartic acid, glutamic acid, and
glutamine. Based on the model (Fig. 3B) and on the multiple-
sequence alignment shown in Fig. 4, we also decided to mu-
tagenize Val259 to tryptophan. This position, located in prox-
imity to subsite �2, shows a consensus tryptophan residue
among CGTases that are natural trasferases. Therefore, we
decided to investigate the effect of the mutation V259W in
AmyA on transglycosylation and alcoholysis reactions. Finally,
we identified one aromatic residue in domain B, Phe179, which

FIG. 2. (a) Alcoholysis reaction products obtained from 6% starch-20% methanol reaction medium with 20 U/ml of the respective enzymes
after 48 h of incubation at 85°C. Lane 1, standards: MG, methyl glucoside; G1, glucose. Lanes 2 to 9, methanolysis reaction with the wild type and
H222Q, H222D, H222E, W177V, Y178V, F179V, and V259W mutants, respectively; lanes 10 to 17, subsequent treatment of methanolysis reaction
mixtures with A. niger glucoamylases of the wild type and H222Q, H222D, H222E, W177V, Y178V, F179V, and V259W mutants, respectively. (b)
Yields of methyl glucoside after 48 h of incubation at 85°C and their subsequent treatment with A. niger glucoamylase of the wild type and variants
at position 222. (c) Alcoholysis/hydrolysis ratios for the wild type and variants at position 222. The error bars indicate standard deviations.
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points toward subsite �1. This residue is part of a cluster of
contiguous aromatic residues. We figured out that even with
the lack of accuracy of our model, any of these residues could
have a role in placing and orienting the entrant acceptor for
the second step of the reaction, so we decided to study the

effects of the mutations W177V, Y178V, and F179V on the
transglycosidic and alcoholytic activities of the enzyme.

Enzyme activity. All the specific activities for starch, mea-
sured for the wild-type enzyme and the mutants (except for
V259W), were in the same order of magnitude, around 1,000

FIG. 3. (A) Homology model obtained for AmyA in which the three characteristic amylase domains are depicted in different colors. The
catalytic domain A is shown in gray; domain B and domain C are shown in green and blue, respectively. (B) The acarbose inhibitor (orange) is
located between domains A and B and is surrounded by various residues located within 4 Å, among them the catalytic residue Glu258 (red).
Possible residues involved in substrate binding are indicated in stick format; some of the amino acids subjected to site-directed mutagenesis were
His222 and Phe179, shown in blue, and Val259, shown in yellow.

FIG. 4. Multiple structural alignment around the four characteristic regions observed in members of glycoside hydrolase family 13. The catalytic
residues conserved in all the sequences are marked with asterisks. Aromatic residues involved in transglycosylation activity and the residues that
structurally interact with them are highlighted in gray. Two of the residues mutagenized are shown in boldface and underlined. From the top: T.
maritima, T. maritima �-amylase (GenBank accession number CAA72194) (37); A. oryzae, A. oryzae �-amylase (PDB accession number 2TAA)
(41); A. niger, A. niger �-amylase (PDB accession number 2AAA) (6); H. sapiens sal, Homo sapiens salivary �-amylase (PDB accession number
1JXK) (49); H. sapiens pan, H. sapiens pancreatic �-amylase (PDB accession number 1HNY) (53); Pig panc, Sus scrofa pancreatic �-amylase (PDB
accession number 1HX0) (48); Tenebrio, Tenebrio molitor �-amylase (PDB accession number 1JAE) (58); Alteromonas, Pseudoalteromonas
haloplanktis �-amylase (PDB accession number 1G94) (1, 2); Barley, Hordeun vulgare �-amylase (PDB accession number 1AMY) (27); B. lichen,
B. licheniformis �-amylase (PDB accession number 1VJS) (22); B. amylo, Bacillus amyloliquefaciens chimera �-amylase (PDB accession number
1E43) (8); B. stearo, B. stearothermophilus �-amylase (PDB accession number 1HVX) (60); B. sub, Bacillus subtilis 2633 �-amylase (PDB accession
number 1BAG) (17), B. circ1, Bacillus circulans 251 cyclodextrin glycosyltransferase (CGTase) (PDB accession number 1CDG) (35); B. circ2, B.
circulans 8 CGTase (PDB accession number 1CGT) (31); B. specie, Bacillus sp. strain 1011 CGTase (PDB accession number 1D7F) (23); B. stearo,
B. stearothermophilus CGTase (PDB accession number 1CYG); Termo sulfu, Thermoanaerobacter thermosulfurogenes CGTase (PDB accession
number 1A46) (68); Thermus sp., Thermus sp. maltogenic amylase (PDB accession number 1SMA) (29); B. lichen, B. licheniformis maltogenic
amylase (GenBank accession number CAA47612) (28); B. stearo, B. stearothermopilus maltogenic amylase (PDB accession number 1QHO) (13).
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U/mg. After purification of the proteins by Ni2� affinity and
anion-exchange chromatography, a certain amount of the un-
processed amylase was still present, as evidenced by the so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis gels
(data not shown). Nevertheless, in order to have uniform con-
ditions for comparison, the protein concentrations were ad-
justed to have 4 U of activity per ml of reaction mixture.

In order to biochemically characterize mutants showing a
higher alcoholysis/hydrolysis ratio, they were expressed in the
cytoplasm by removing the signal peptide. Thus, the yields and
purities of H222Q, H222E, and H222D mutants were im-
proved, eliminating contamination with unprocessed peptide.

Product profile after starch hydrolysis with Amy mutants.
Although the wild-type AmyA and its mutants showed similar
patterns of starch hydrolysis with G1 and G2 as the main
products, their relative concentrations varied among the mu-
tants, as shown in Fig. 1b. The mutants in domain B, W177V
and Y178V, as well as the mutant H222Q, showed a G1/G2
ratio similar to that of the wild-type enzyme (Fig. 1). On the
other hand, mutations of His222 to acidic residues showed a
decrease in the G1/G2 ratio, especially mutant H222E, whose
G1/G2 ratio decreased twofold. The V259W and F179V mu-
tants also showed lower G1/G2 ratios and the presence of a
larger product, G6, not detectable in the rest of the mutants
(Fig. 1a). All the mutant and wild-type enzymes showed prod-
ucts that could be attributed to transglycosylation reactions
different from �-1,4. During the first minutes of the reaction,
accumulation of oligosaccharides took place (data not shown).
However, once a pseudoequilibrium was reached, the band
corresponding to G3 seemed to disappear, giving rise to a
product band with lower mobility present in all variants but
H222E. This band had a different mobility than G3, as can be
appreciated in Fig. 1a, lane 9, where a double band can be
observed for the mutant V259W, showing that in reactions
performed with this mutant, G3 was still present, in addition to
the other transglycosylation reaction products observed with
the other enzymes. Besides this product, all the variants
showed the presence of a second, unexpected band that ran
between G4 and G5. Mutants at His222 and mutants F179V
and V259W also showed a product that seemed to have a lower
mobility than G5. The presence of these bands suggests the
production of transglycosylation products in addition to those
usually found in �-amylases. Further support for this hypoth-
esis is shown in Fig. 2a, lanes 10 to 17, where glucoamylase was
used to hydrolyze the final alcoholysis reaction products to
methyl glucoside and glucose. As can be observed in the figure,
besides the expected bands corresponding to the hydrolysis
products, bands corresponding to the additional transglyco-
sylation products were still present, indicating that they were
not glucoamylase substrates. These species were produced
more slowly, but since they were not substrates for �-amylase,
they accumulated at equilibrium.

Alcoholysis reactions with Amy mutants. With the exception
of the mutants at position 222, the variants yielded a product
profile similar to that of the wild-type enzyme (Fig. 2a). There-
fore, the W177V, Y178V, and F179V (which was particularly
unstable in the presence of alcohols) mutants were not further
investigated. The alcoholysis products that can be unequivo-
cally assigned are methyl glucoside and methyl maltoside,
which have higher mobility in TLC than any hydrolysis prod-

uct. However, the lack of methyl-saccharide standards of
higher molecular weight and the possibility of overlapping of
some alcoholysis and hydrolysis products precluded a direct
evaluation of alcoholysis reaction yields. To overcome this
limitation, the final products of the reaction were completely
hydrolyzed with glucoamylase to generate glucose and methyl
glucoside (a direct indicator of alcoholysis reactions). Figure
2a shows the product profiles of alcoholysis reactions of the
wild-type enzyme and mutants before and after treatment with
glucoamylase. His222 mutants showed a greater amount of
methyl glucoside than the wild-type enzyme and the other
mutants, as shown in Fig. 2a. The amounts of methyl glucoside
generated for His222 mutants were quantified by HPLC (Table
1). From these results, it may be concluded that H222Q
showed the highest yield of methyl glucoside. Mutant H222Q
presented an increase in the alcoholysis events as a conse-
quence of an increase in alcoholysis and a reduction in hydro-
lysis activity of almost 30%. The twofold increase in the alco-
holysis/hydrolysis ratio resulted in approximately 80% increase
in the amount of methyl glucoside produced by this mutant
(Fig. 2c). Although mutant H222D showed the highest alco-
holysis/hydrolysis ratio, its production of methyl glycosides was
lower than that of the H222Q mutant. This can be attributed to
loss of activity in the presence of methanol, as suggested by the
presence of residual starch in the reaction, even though equal
numbers of activity units were used for all assays (Fig. 2a, lane
4). The same seems to be true for the H222E mutant, although
it had the lowest alcoholysis/hydrolysis ratio among the mu-
tants.

Alcoholysis reactions with butanol. The ultimate goal is to
generate alkyl glucosides with good surfactant properties, for
which the use of higher-molecular-weight alcohols as acceptors
is imperative. We decided to test the abilities of the wild type
and mutants H222Q and H222E to carry out butanolysis. From
previous experience (55), the yield of butanolysis was higher
when the reaction was carried out in a single phase (buffer
saturated with butanol) than when larger amounts of alcohol
were used, probably due to an inefficient homogenization of
the two phases. We therefore used a butanol-saturated buffer
solution to carry out these reactions. Figure 5a shows the
product profiles of the wild type and the different His222
mutants. As can be observed in Fig. 5c, mutant H222Q main-
tained a higher alcoholysis/hydrolysis ratio than the wild-type
enzyme (twofold) and yielded 50% more butyl glucoside (Fig.
5b). However, the amount of butyl glucoside produced might
have been limited by the availability of butanol in the reaction
mixture relative to the methanolysis reactions. The instability of

TABLE 1. Characterization of wild-type and mutant �-amylase
alcoholysis reactionsa

Enzyme
No. of

alcoholysis
events

No. of
hydrolysis

events

Alcoholysis/
hydrolysis

ratio

Efficiency of
alcoholysis

reaction
(%)

Amt of
methyl

glucoside
(mg/ml)

Wild type 80 239 0.33 25 7.5 	 0.6
H222D 103 132 0.78 44 10.6 	 4.0
H222E 85 169 0.51 34 9.7 	 1.8
H222Q 121 177 0.68 41 12.5 	 2.0

a Starch, 6%; methanol, 20%.
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mutants H222E and H222D toward butanol was more prominent,
as can be observed in Fig. 5a, lanes 4 and 5, yielding an amount
of butyl glucoside similar to that of the wild-type enzyme.

Transglycosylation activity. In order to establish if reduction
in hydrolysis events in mutants H222D and H222E was the
result of a change in substrate specificity or a decrease in
transglycosylation activity, we compared the hydrolysis/trans-
glycosylation patterns in the enzymes using small oligosaccha-
rides as substrates. When G3 was used as a substrate (Fig. 6a),
the wild-type enzyme, H222D, and H222Q, after producing

some transglycosylation products, generated G1 and G2 as the
predominant end species; however, H222E did not recognize
G3 as a substrate, accepting G4 as the smallest substrate for
activity (Fig. 6b), resulting in a product pattern very similar to
the one obtained with H222D, accumulating different amounts
of maltodextrins (data not shown). These results suggest that
there is a loss of affinity binding to small oligosaccharides in
H222E, rather than a loss in transglycosylation activity.

Thermostability. One of the main reasons to select T. ma-
ritima �-amylase for alcoholysis was its high temperature sta-

FIG. 5. (a) Alcoholysis reaction products obtained from 6% starch-8% butanol saturated with buffer (50 mM Tris, 150 mM NaCl, 2 mM CaCl2
buffer, pH 7) with 20 U/ml of the respective enzymes after 48 h of incubation at 85°C. Lane 1, standards: BG (butyl glucoside), G1, glucose. Lanes
2 to 5, butanolysis reaction with the wild type and H222Q, H222D, and H222E mutants, respectively; lanes 6 to 9, subsequent treatment of
butanolysis reaction mixtures with A. niger glucoamylase of the wild type and H222Q, H222D, and H222E mutants, respectively. (b) Yields of butyl
glucoside after 48 h of incubation at 85°C and their subsequent treatment with A. niger glucoamylase from the different variants. (c) Alcoholysis/
hydrolysis ratios with the different variants. The error bars indicate standard deviations.

FIG. 6. Transglycosylation products obtained from maltotriose (a) and maltotetraose (b) using 4 U/ml of the wild type and mutants after 0 and
10 min and 1 and 12 h of incubation at 85°C. Lane 1 is the molecular marker, a mixture of oligosaccharides from glucose to maltoheptaose.
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bility, a condition required for starch processing that may also
be extended to stability in organic solvents. It was therefore
important for industrial applications to demonstrate that the
thermostability of AmyA was preserved in the alcoholytic mu-
tants. We measured the residual activity of the wild-type en-
zyme, as well as that in the H222D, H222E, and H222Q mu-
tants, after incubation at 85°C. The wild-type AmyA was found
to be stable for more than 30 h at 85°C, a property that was
unaltered in the mutants. Although no activity loss existed
after 30 h of incubation, extending the incubation time beyond
this period was difficult due to solvent evaporation (Fig. 7);
however for practical purposes, the half-lives of the enzyme
and its mutants fulfilled the stability requirements of the in-
dustrial process.

DISCUSSION

In contrast to bacillar �-amylases from B. licheniformis and
B. stearothermophilus, the saccharifying �-amylase AmyA from
T. maritima is capable of efficiently carrying out alcoholysis
reactions by transferring starch hydrolysis products to metha-
nol. These results are consistent with the previous conclusion
that saccharifying �-amylases are better transferases than liq-
uefactant enzymes (54). Moreover, AmyA generates 3.7 and 11
times more alkyl glucosides than those observed with the sac-
charifying �-amylases from A. niger and A. oryzae, respectively,
under selected reaction conditions (55).

Among the family 13 glycoside hydrolases, CGTases, malto-
genic amylases, and neopullulanases have an important trans-
glycosylation activity. Even though they share a common fold
and general mechanism (33), there are some differences
among these enzymes. For example, CGTases and maltogenic
amylases contain extra domains besides the canonical A, B,
and C domains. Some differences can also be identified in the
catalytic domain (24). Identification of these differences led us
in the past to introduce transglycosylation activity into the
liquefying �-amylase from B. stearothermophilus through the
replacement of Ala289 by phenylalanine or tyrosine (54). This
replacement conformed to the observation of aromatic resi-
dues at that position in natural glycoside transferases (like
CGTases), as well as in a conserved region among maltogenic
glycoside hydrolases (10) and in saccharifying amylases of fun-

gal origin (54). It has been widely accepted that an aromatic
residue at position 286 (B. licheniformis number) is a key con-
dition for transglycosylation (34, 40, 45, 50, 54). An interesting
observation is the conservation of a phenylalanine residue at
position 277 in AmyA (equivalent to position 286 in B. licheni-
formis and 289 in B. stearothermophilus �-amylases), in agree-
ment with the importance of an aromatic residue at this posi-
tion for transglycosylation activity. In fact, we have previously
proposed that the effect of transglycosylation of aromatic res-
idue 289 in B. stearothermophilus could not necessarily be due
only to a change to a more hydrophobic environment in the
active site, but also to a change in the constellation of the
active site (54). When the mutant A289F of B. stearothermophi-
lus amylase was modeled, a steric clash between this residue
and Trp266 produced a twist in the tryptophan side chain. This
residue, which is just two positions after the acid-base Glu264
residue, bridges the incoming nucleophilic water in the struc-
ture of barley �-amylase (27), so that a change in its orienta-
tion could displace the water molecule, preventing it from
being activated by Glu264, acting as a base in this step of the
reaction. In fact, in B. licheniformis �-amylase, we found that
the V286Y W263L double mutant counteracts the effect pro-
duced by the single mutation V286Y (50). From a multiple-
sequence alignment, we found that aromatic residues already
occupy the positions equivalent to Val286 and Trp263 in
AmyA (Fig. 4); however, other transglycosidic enzymes (spe-
cifically, CGTases) contain the signature tryptophan-phenyl-
alanine invariably after the acid-base glutamic acid residue
(24). The importance of this aromatic dipeptide in CGTases
for cyclizing reactions has been demonstrated by Fujiwara and
coworkers (18). When these residues were replaced by the
aliphatic valine-isoleucine pair, the formation of �-cyclodex-
trins was completely abolished and liquefying activity de-
creased drastically. The phenylalanine is one of the two aro-
matic residues in subsite �2 that sandwich the incoming
nonreducing end of the saccharide for the cyclization reaction
and seems to also be important for the structural integrity of
the active site through its hydrophobic interaction with the
lysine residue three positions after the nucleophile aspartic
residue at beta 4 (64). AmyA has a valine-phenylalanine dipep-
tide at these positions. The replacement of the valine residue
by tryptophan decreased the specific activity and changed the
product profile of the enzyme, leaving some longer products,
like G5 and G6, in addition to the G1 and G2 main products.
Interestingly, in the context of AmyA, this substitution, as well
as the F179V mutation in domain B, abolished the formation
of a product with mobility between G4 and G5 observed by
TLC upon digestion with the wild type and mutants that was
not a substrate for glucoamylase (this is shown in Fig. 2, where
the alcoholysis reactions were treated with glucoamylase).
Thus, mutations at Phe179 and Val259 seem to have removed
at least one transglycosylation activity different from �-1,4.

His222 is part of the second highly conserved region among
glycoside hydrolases after the catalytic nucleophile (aspartate
at beta 4) (Fig. 4). It is worth noting that a histidine residue is
highly conserved among �-amylases and CGTases, but malto-
genic amylases, neopullulanases, and cyclodextrinases contain
a glutamic acid at the equivalent position (33). The importance
of this position in the catalytic process has been demonstrated
in various enzymes. Mutagenesis of the equivalent residue

FIG. 7. Thermal inactivation of the wild type and mutants at
His222 of �-amylase from T. maritima after incubation at 85°C.
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His269 to leucine in the Bacillus sp. strain TS-23 �-amylase
completely inactivated the enzyme (11). In the case of B.
stearothermophilus �-amylase, the replacement of the equiva-
lent His238 by aspartic acid generated an enzyme with a re-
duced hydrolysis rate and a modified final product profile (67)
that could be the consequence of an increase in its transferase
activity. In contrast, maltogenic Thermus amylase, an enzyme
with an important transferase activity, contains a glutamic acid
residue at the position equivalent to His222; when this residue
was replaced by an uncharged or positively charged amino
acid, like glutamine or histidine, its transferase activity was
considerably reduced (10).

In AmyA, the change of His222 to linear residues, like as-
partic acid, glutamine, and glutamic acid, increased its alco-
holitic activity; however, with the H222Q mutant, the increase
in the amount of methyl glucoside obtained represents, to our
knowledge, the best alcoholytic �-amylase reported so far. The
lower yields observed for the H222D and H222E mutants sug-
gest that the presence of the carboxylic group has a destabiliz-
ing effect in the presence of alcohols. A destabilizing effect
should not be surprising when a potentially positively charged
residue is replaced by a negatively charged residue. Based on
the structure of the �-amylase from A. oryzae (PDB entry
7TAA) (7) in the model generated by AmyA, the glucose
located in subsite �1 interacts with His222 (His210 in A.
oryzae) by means of hydrogen bonds. The common effect of
increased alcoholysis and decreased hydrolysis observed upon
mutation to the isosteric glutamic acid or glutamine residue
could be attributed to the enhanced flexibility of these side
chains compared to the imidazol ring, leaving more space to
accommodate larger acceptor groups, favoring the entrance of
alcohol over water. The presence of a charge can also alter the
electrostatic potential of the active site. As previously sug-
gested by Kim et al. (30), it is possible that the carboxylate
group of the glutamic acid side chain helps to position the
acceptor molecule in the proper orientation for the transfer
reaction. However, the presence of the charge in the glutamic
acid mutant was destabilizing in the presence of methanol,
giving a lower yield in the alcoholysis reaction.

Exploration of new and more interesting activities from an
industrial point of view requires robust enzymes capable of
withstanding harsh conditions and mutagenesis. In this sense,
thermophilic organisms are a good source of potential scaffolds
for protein engineering. In this case, we relied on the correla-
tion of thermal stability observed in thermophilic or hyperther-
mophilic enzymes with their stability in the presence of dena-
turing agents and organic solvents (12) to tolerate reaction
conditions involving a high content of alcohol concentrations.
The �-amylase AmyA from T. maritima not only provided this
key requirement, it turned out to have an important trans-
ferase activity that was further increased by site-directed mu-
tagenesis.
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