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Alcoholysis reactions from starch with a-amylases
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Abstract The ability of o-amylases from different sources to
carry out reactions of alcoholysis was studied using methanol as
substrate. It was found that while the enzymes from Aspergillus
niger and Aspergillus oryzae, two well-studied saccharifying
amylases, are capable of alcoholysis reactions, the classical
bacterial liquefying o-amylases from Bacillus licheniformis and
Bacillus stearothermophilus are not. The effect of starch and
methanol concentration, temperature and pH on the synthesis of
glucosides with a-amylase from A. niger was studied. Although
methanol may inactivate o-amylase, a 90% substrate relative
conversion can be obtained in 20% methanol at a high starch
concentration (15% w/v) due to a stabilizing effect of starch on
the enzyme. As the products of alcoholysis are a series of methyl-
oligosaccharides, from methyl-glucoside to methyl-hexomalto-
side, alcoholysis was indirectly quantified by high performance
liquid chromatography analysis of the total methyl-glucoside
produced after the addition of glucoamylase to the a-amylase
reaction products. More alcoholysis was obtained from intact
soluble starch than with maltodextrins or pre-hydrolyzed starch.
The biotechnological implications of using starch as substrate for
the production of alkyl-glucosides is analyzed in the context of
these results.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Glucosidases and glucosyltransferases constitute one of the
most important groups of enzymes and have become the basis
of the processes involved in glycobiotechnology. This is the
case of a-amylase (E.C. 3.2.1.1), a key enzyme in the metab-
olism of a wide variety of living organisms using starch as
carbon and energy source and also one of the most abundant
products of the enzyme industry used mainly for the industrial
production of starch derivatives. In spite of the extensive stud-
ies concerning the structure and properties of o-amylase [1,2]
and the numerous reports in the literature concerning trans-
ferase reactions with glucosidases particularly in the presence
of alcohols [3-9], little attention has been paid to alcoholysis
with o-amylases.

In general, glucosidases may be classified as ‘retaining’ and
‘inverting’ enzymes based on the anomeric configuration of
the product, that can either retain or invert the anomeric
configuration of the substrate. o-Amylases are enzymes acting
through a ‘retention mechanism’ that can also act as trans-
ferases, catalyzing the synthesis of oligosaccharides using sug-
ars instead of water as acceptors of the transferring oligosac-
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charides [10,11]. Additionally, amylases have been classified as
‘liquefying’ or ‘saccharifying’ according to their degree of
starch depolymerization (saccharifying amylases achieving a
higher degree of hydrolysis) [2]. Small molecular weight alco-
hols may also act as acceptors in the alcoholysis reactions.
Among the retaining glucosidases, various enzymes have
been successfully used in the presence of alcohols. This is
the case with B-galactosidase [3,4], B-xylosidase [5], B-fructo-
furanosidase [6,7] and B-glucosidase [8,9], which have been
proposed for the synthesis of alkyl-glucosides, used in the
industry due to their tenso-active properties. Considering the
abundance of starch as raw material and substrate, there is an
enormous potential in the use of o-amylase for this type of
reactions.

Matsubara [12] has shown that a-amylase from Aspergillus
oryzae (taka-amylase) is able to carry out alcoholysis reac-
tions transferring maltose to methanol, ethanol and butanol
when phenyl- and p-nitrophenyl-o-maltoside are used as sub-
strates. Taka-amylase is also capable of transferring glucose
units from low polymerization degree oligosaccharides to pol-
yols [13]. On the other hand, Nishimura et al. [14] purified a
saccharifying o-amylase from Bacillus subtilis X-23, capable
of transferring glucose and even oligosaccharides to hydro-
quinone when maltotriose, maltopentose and soluble starch
are used as substrates. However, the information in the liter-
ature concerning the behavior of the amylases in alcoholysis
reactions, particularly in the presence of starch or starch de-
rivatives and alcohols, is scarce.

In this work, the behavior of o-amylases in alcoholysis re-
actions is described. In particular, the properties of ci-amylase
from Aspergillus niger are studied, using starch and other
substrates, with methanol as nucleophilic substitute of water.

2. Materials and methods

2.1. Enzyme properties

o-Amylase was obtained from various commercial sources. The
fungal o-amylases produced from A. niger were kindly provided by
ENMEX (México, D.F.) and ‘Proveedor Internacional de Quimicos’
(México, D.F.) and A. oryzae was from Sigma. Bacterial a-amylase
from Bacillus licheniformis (Thermamyl 120) was purchased from
NOVO (México, D.F.) and o-amylase from Bacillus stearothermophi-
lus was produced in the laboratory expressing the gene in a recombi-
nant Escherichia coli strain, purifying the enzyme as described by
Vihinen et al. [15]. Soluble starch and maltodextrins (G4-G10) were
purchased from Sigma (USA).

Enzyme activity (hydrolysis) was determined following the initial
rate of reducing sugars from 1.2% w/v of starch in 75 mM acetate
buffer using the 2,4-dinitro-salicilic reagent [16] with glucose as stand-
ard, at pH 4.0 for the fungal and pH 6.0 for the bacterial amylases,
both at 60°C, in a total volume of 10 ml. The reaction was started by
addition of the enzyme and monitored every 2 min during the first
10 min of the reaction. The activity was obtained from a plot of
glucose equivalents produced with the reaction time. One activity
unit is defined as the amount of enzyme producing 1 pmol of equiv-
alent glucose per min. As described later, the amount of a-amylase
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Fig. 1. Stability of A. niger a-amylase in the presence of methanol:
(a) 0%, (m) 20% and (@) 40%. The enzyme was incubated at 60°C
and pH 4.0.

used in a particular reaction was adjusted in order to have always the
same activity in the reaction.

The alcoholysis products were qualitatively analyzed by thin layer
chromatography (TLC) and high performance liquid chromatography
(HPLC). For TLC, 10 cmX 10 ¢cmX200 pum Whatman Silica gel
60 plates were used, with butanol, ethanol and water (3:5:2) as sol-
vent. The plates were developed by spraying o-naftol and sulfuric acid
in ethanol and heating at 100°C [17] for 5 min. HPLC analysis of the
products was carried out in a Water-Millipore chromatography equip-
ment with a refractive index detector and a Nova-Pak aminated
(4.6 mm X250 mm) column using acetonitrile and H,O (70:30) as
eluent at a flow rate of 1.4 ml/min. Maltodextrins and methyl-gluco-
side (Sigma, USA) were used as standards.

2.2. Alcoholysis reactions

Starch solutions were treated at 121°C and 15 psi, for 15 min before
the reaction. Afterwards, methanol was added followed by the enzyme
to start the reaction (4.8 U/ml of the fungal amylases or 5.4 U/ml of
the bacterial enzymes) in a final volume of 10 ml at 60°C. The reac-
tion was followed during 24 h taking 500 pl samples every h and
quenching the reaction by boiling for 10 min.

The direct effect of methanol on the enzyme was evaluated by
measuring the activity in the presence of 20-40% v/v, while the effect
on stability, after incubation at 60°C and pH 4.0 at different times,
was followed by dilution and an activity assay. The effect of the starch
and methanol concentration on the alcoholysis yield was studied for
the fungal amylase at 50, 60 and 70°C and pH 3.0, 4.0 and 5.0. The
concentration of starch was varied from 1.2 to 15% w/v with 20% v/v
methanol, while the concentration of methanol was varied from 20 to
50% v/v with 3% w/v starch (10 U/ml of enzyme). The alcoholysis
products were detected by TLC and HPLC with o-methyl-glucoside
(Sigma) as standard. All reactions were conducted for a maximum of
5 h. Relative conversions were determined, taking as 100% the
amount of reducing sugars obtained in the absence of methanol after
5 h of reaction at pH 4 and 60°C.

Considering that the alcoholysis products, as observed by HPLC,
are a series of methyl-glucosides, mainly from MGI1 to MG6 for
which no standards are available, in order to quantify alcoholysis,
40 U/ml of glucoamylase (Boehringer, Lakeside, USA) was added
to the o-amylase reaction products followed by incubation for 2 h
at 40°C. Under these conditions, all alcoholysis and hydrolysis prod-
ucts from o-amylase are further hydrolyzed by glucoamylase to yield
methyl-glucoside and glucose. All methyl-glucoside (MG1) is derived
from alcoholysis reaction products and was quantified through the
linear relation obtained between the MG1 mass, in the range of 0—
0.2 mg, and the integrated area from the refractive index detector
signal. In the linear regression analysis, a correlation factor of
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2=0.99 was obtained. Another way used to characterize alcoholysis
was to divide the integrated area obtained from the signal of all the
alcoholysis products (from MG1 to MG6) by the total integrated area
from the signal of both oligosaccharides (G1-G6) and methyl-gluco-
sides (MG1-MG®6).

3. Results and discussion

The ability of four a-amylases to carry out alcoholysis was
studied. Amylase from A. niger, a saccharifying enzyme which
produces maltose, maltotriose and some glucose, is capable of
alcoholysis as shown by additional products observed when
the same reaction is carried out in the presence of methanol
(see later). Although less efficient, the same is true for the
a-amylase from A. oryzae. However, this is not the case for
bacterial amylases from B. licheniformis and B. stearothermo-
philus, where the same products (maltose, maltotriose and
maltopentaose or maltohexaose) are observed in the presence
and absence of methanol (results not shown). Similar results
have been reported in the literature with other o-amylases and
substrates. The saccharifying amylase from A4. oryzae is able
to transfer maltose to methanol and ethanol among other
alcohols using aryl-maltoside as substrate [12], while the lique-
fying amylase from B. licheniformis does not transfer glucose
to ethanol although the product profile obtained from starch
is modified [18]. We have previously shown that transfer re-
actions in o-amylases produce a higher degree of depolymeri-
zation in starch [19] and since transglucosidation and alcohol-
ysis are related [10], we decided to study in more detail the
factors affecting the yield of alcoholysis reactions.

3.1. The effect of starch and methanol concentration on
alcoholysis
In order to determine the effect of the methanol concentra-
tion in alcoholysis reactions, the effect of methanol on the
enzyme stability was first studied. In the presence of 40%

relative initial reaction rate (%)
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Fig. 2. Effect of the methanol concentration on the initial rate of
hydrolysis (m) and the relative substrate conversion ( A ). Initial rates
are measured at 1.2% w/v starch and 4.8 U/ml, reducing sugars are
measured after 5 h of reaction with 15% w/v starch, in both cases
at pH 4.0, 60°C of a-amylase from A. niger. 100% conversion is
taken as the total reducing sugars obtained in the absence of metha-
nol.
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Fig. 3. Effect of the pH on the relative starch conversion by A4. ni-
ger o-amylase at different temperatures in the presence and absence
of methanol. Reaction conditions were 15% w/v starch and 30% v/v
methanol. A: 50°C, B: 60°C and C: 70°C. Reducing sugars were
measured after 5 h of reaction (100% is the total reducing sugars
value obtained at pH 4, 60°C, the usual hydrolysis reaction condi-
tions).

methanol, a-amylase rapidly looses activity, with a half-life of
6 min at 60°C (Fig. 1). At 20% methanol, the drop in activity
can be described by first order kinetics with a half-life of 1.82
h. This behavior is similar to the one observed for other
glucosidases in the presence of methanol or ethanol and limits
the range of the alcohol concentration that can be used in the
reaction [20,21]. However, there is a stabilizing effect in 15%
(w/v) starch, where, for instance, relative conversions higher
than 90% are obtained in methanol concentrations up to 20%
(v/v) in spite of the low half-life of the enzyme and the sig-
nificant reduction in the initial rate (Fig. 2). In all cases, the
alcoholysis products are the same. At 30% methanol, where
the protective effect of starch is evident, the effect of the pH
and temperature on alcoholysis was studied. Although there is
always some degree of inhibition by methanol, the best reac-
tion conditions for alcoholysis are pH 4 and 60°C, similar to
those of hydrolysis (Figs. 3 and 4). This is not surprising since
even in non-aqueous solution, pH reaction conditions are
similar to those in aqueous medium [22]. It has also been
previously observed, in porcine pancreatic o-amylase, that
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starch can stabilize the enzyme, binding at the boundaries
of the three domains present in all o-amylases [23].
Additionally, it has been shown that increases in the sub-
strate concentration favor transglucosilation with a fungal
o-amylase [13]. As alcoholysis is a particular case of a trans-
ferase reaction, we explored the effect of the starch concen-
tration on the alcoholysis activity, using 20% (v/v) of meth-
anol. Increasing the starch concentration results in the
increase of methyl-o-glucoside, the product with an Rf of
0.74, and methyl-o-maltoside, as observed by TLC (Fig. 4I).
This may be explained in terms of the low water activity in
high concentrations of starch. A similar experiment was con-
ducted increasing the methanol concentration while maintain-
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Fig. 4. TLC of alcoholysis reaction products at different reaction
times. (I) Effect of the starch concentration on alcoholysis: (a)
1.25%, (b) 2.5%, (c) 6% and (d) 15% w/v of starch, in the presence
of 20% v/v methanol. (IT) Effect of the methanol concentration on
alcoholysis: (a) 20% (b) 30%, (c) 40% and (d) 50% v/v of methanol
with 3% w/v of starch. In all cases, using 10 U/ml o-amylase from
A. niger at pH 4.0 and 60°C. MG1 = methyl-glucoside, MG2 = meth-
yl-maltoside, G1 =glucose, G2 =maltose, G3 =maltotriose,
G4 = maltotetraose, G5 = maltopentaose.
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Fig. 5. HPLC chromatogram of the reaction products with o-amy-
lase from A. niger at pH 4.0, 60°C with 6% w/v of starch. The dot-
ted line (-) represents the reaction products in water, while the
continuous line ( ) represents the products obtained in the pres-
ence of 40% v/v methanol. MG2 = methyl-maltoside, MG3 = methyl-
maltotrioside, MG4 = methyl-maltotetraoside, MGS5 = methyl-malto-
pentaoside, G1 = glucose, G2 =maltose, G3 =maltotriose, G4 =mal-
totetraose, G5 = maltopentaose, G6 = maltohexaose.

ing 3% w/v starch (Fig. 4II). The TLC plates show a higher
concentration of high molecular weight products, due to the
loss of enzyme activity with methanol. Nevertheless and as
expected, there is a higher proportion of alcoholysis products.
We conclude that a concentration as high as 40% (v/v) meth-
anol may be employed for alcoholysis, provided that a high
concentration of starch is also used (e.g. 6% w/v).

3.2. Alcoholysis products

Each time that a starch molecule reaches the active site of
an o-amylase molecule and an intermediate is formed, the
leaving group may be transferred to water or to methanol.
The selectivity of this transfer depends on the concentration
of nucleophiles and their specificities defined by their corre-
sponding rate constants. The products of a reaction carried
out with 6% (w/v) starch in the presence of 40% (v/v) meth-
anol were directly compared with the hydrolysis products ob-
tained at the same conditions without methanol. For each
oligosaccharide obtained, there is also the corresponding al-
kylated product (Fig. 5). This is an interesting feature of
o-amylase, particularly suited for the synthesis of alkyl-gluco-
sides with a controlled number of glucose molecules in the
hydrophilic side of the chain. A second observation concerns
the specificity of the reaction. As in almost all products, the
oligosaccharides are produced in a higher concentration than
the corresponding alkylated product. This is in part the con-
sequence of the high water concentration in the reaction me-
dium. However, there is more methyl-maltoside than maltose.
As this is an a-amylase producing mainly maltose after exten-
sive hydrolysis of starch (as evident from the products shown
in the absence of methanol), it is striking that also the main
product transferred to methanol is maltose. The specificity is
in part explained by the asymmetric distribution of the cata-
lytic site in o-amylase, which consists of seven subsites, with
the catalytic site located between sites 5 and 6 [24]. It would
be reasonable to expect that a productive intermediate re-
quires some significant occupancy of the subsite. This is
achieved with maltose at the donor site, combined, in the
case of alcoholysis, with the higher accessibility of a small
acceptor and competing nucleophile such as methanol.
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A comparison of the alcoholysis and hydrolysis reactions
was carried out from the HPLC chromatograms. In a reaction
with 6% w/v starch and 40% v/v methanol, 29.7% of the total
area of the products corresponds to alcoholysis products. Al-
ternatively, an indirect quantitative measurement of alcohol-
ysis was adapted from the method developed by Nishimura et
al. [14] for the analysis of oligoglucosides obtained in the
presence of hydroquinone. The method consists on the addi-
tion of glucoamylase free of oi-amylase activity (to avoid addi-
tional alcoholysis) to the a-amylase alcoholysis reaction prod-
ucts. Glucoamylase is an exo-amylase that acts through an
inverting mechanism from the non-reducing end of oligosac-
charides producing glucose. In our system, the enzyme trans-
forms all products to glucose and methyl-glucoside.

Methyl-glucoside produced after glucoamylase treatment
under different alcoholysis reaction conditions was measured
by HPLC (Table 1). More alcoholysis is obtained with
o-amylase from A. niger than with the enzyme from A. ory-
zae. In a similar way, more alcoholysis products are obtained
at a high substrate concentration, as demonstrated by the
higher amounts of methyl-glucoside obtained with 15% (w/v)
starch, actually, 3.8 times the amount obtained at 6% (w/v).
When various substrates are compared at the same concen-
tration (6% wi/v), starch seems more efficient than lower mo-
lecular weight substrates in terms of transfer to methanol.
This is also related to the low water content at high starch
concentrations, favoring transglucosidase activity and enzyme
stability, as already mentioned above. A similar result was
reported by Nishimura et al. [14] when glucosilating hydro-
quinone with a purified o-amylase, obtaining a higher effi-
ciency with starch compared to maltotriose and maltopen-
taose.

4. Conclusions

The potential of the saccharifying o-amylase from A. niger
for the synthesis of methyl-glucosides from starch was dem-
onstrated. Reaction conditions involving a high concentration
of starch result in high alcoholysis conversions and although
the enzyme is affected by methanol, in the presence of starch,
methanol concentrations as high as 40% v/v may be used. The
major end product obtained in water (maltose) corresponds to
the major alcoholysis end product (methyl-maltoside), which
is obtained in higher concentrations than maltose. We pro-
pose that this is due to the particular features of the active site
in A. niger o-amylase leading to a preferred product transfer
to small alcohols. If this is correct, then, other product-spe-
cific a-amylases, such as those produced by Pseudomonas stut-
zeri or Aerobacter aerogenes producing maltotetraose or mal-

Table 1

Efficiency of the alcoholysis reaction of o-amylase from A. niger as
measured by the total methyl-glucoside produced after digestion
with glucoamylase (initial methanol concentration 40% v/v)

Substrate [S] (% wiv) Methyl-glucoside (mg/ml)
Starch 6 2.32
Starch? 6 0.76
Hydrolized starch® 6 0.90
Maltodextrins® 6 1.19
Starch 15 8.90

2a-Amylase from A4. oryzae.
YAddition of a-amylase 10 min before methanol.
“Maltodextrins from Sigma, oligosaccharides G4-G10.
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tohexaose [2], would also preferentially produce the corre-
sponding alkylated products.

We have already demonstrated that the combined action of
hydrolytic and transferase activities results in a more extensive
degradation of starch, combining the transferase activity of
cyclodextrin glucosyl transferase and the hydrolytic activity
of a-amylase from B. licheniformis [19]. This seems to be
the case with saccharifying amylases where both activities
are involved in a more intensive degradation of starch. The
implication of this conclusion is important from both the
basic and applied point of views, as not only a more efficient
and specific production of starch degradation products may
be obtained through a particular combination of activities,
but must of all, as the understanding of the structural features
responsible for hydrolytic and transferase activities in amy-
lases may lead to the construction of more efficient enzymes.
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