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Abstract

Starch-degrading enzymes glucoamylase (from Aspergillus niger), and pullulanase (from Bacillus acidopullulyticus) were purified
using alginates (polysaccharides consisting of mannuronic acids and guluronic acids) by a recently developed technique called
macroaffinity ligand-facilitated three-phase partitioning (MLFTPP). In this process, a crude preparation of the enzyme was mixed
with alginate. On addition of appropriate amounts of ammonium sulfate and t-butanol, the alginate bound enzyme appeared as an
interfacial precipitate between the lower aqueous and the upper t-butanol phase. Enzyme activity from this interfacial precipitate
was recovered using 1 M maltose. Glucoamylase and pullulanase were purified 20- and 38-fold with 83% and 89% activity recovery,
respectively. Both the purified preparations showed a single band on SDS-PAGE.
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Starch-degrading enzymes constitute a major share of
market for food processing enzymes [1]. Initial hydro-
lysis of starch by a-amylase produces maltodextrins
(dextrinization). Saccharification involves further hy-
drolysis of maltodextrin which can be carried out either
by excess glucoamylase (which is able to hydrolyze both
a-1,4 and a-1,6 glucosidic bonds, though the rate of
hydrolysis of a-1,6 bonds is much slower than the rate of
a-1,4 bonds) or by adding a second enzyme called
pullulanase (which is able to specifically hydrolyze a-1,6
glucosidic bonds). The present work uses Macroaffinity
Ligand-Facilitated Three-Phase Partitioning (MLFTPP)
to purify these two important enzymes, i.e., glucoamy-
lase and pullulanase.

MLFTPP is a recently developed technique for pu-
rification of enzymes/proteins [2]. It is a technique,
which has evolved from a somewhat older technique
called three-phase partitioning (TPP). In TPP, the
proteins float as an interfacial layer (between the

aqueous phase and the upper t-butanol phase) when
their aqueous solution is mixed with appropriate
amounts of ammonium sulfate and t-butanol [3,4].
Recently, it was shown that smart polymers like eu-
dragit S-100 [2] and alginate [5] also precipitate up
when subjected to TPP. In MLFTPP, a solution of a
smart polymer is added to the crude extract of pro-
tein(s). Upon addition of optimized amounts of am-
monium sulfate and t-butanol, an interfacial precipitate
consisting of the smart polymer and the protein(s)
having affinity for the polymer is obtained. The method
so far has been described just for xylanase and used
eudragit as the smart polymer [2].

The present work extends the application of MLFTPP
to: (A) glucoamylase and pullulanase; (B) another smart
polymer, alginate. The choice of alginate is based upon
the observation that it binds to both glucoamylase and
pullulanase [6,7].

The main advantages of MLFTPP are the high se-
lectivity and low cost [2]. Moreover, this technique is
easily scalable and does not require any pre-clarification
of crude extract, which are likely to contain cell debris,
etc.
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Materials and methods

Protanal LF10/60 (free alginate from brown seaweed)
having high guluronic acid (i.e., 65-75%) and Protanal
ester SD-H (esterified alginate, propylene glycol alginate
with a degree of esterification of 40-60%) were products
of Protan A/S (Drammen, Norway). Commercial prep-
aration of glucoamylase from Aspergillus niger (Trade
name Palkodex) was obtained from Maps (India), Ah-
medabad, India. Promozyme (a product of Novo Nor-
disk Ferment, Switzerland) was gifted by Novozyme
South Asia Pvt., Bangalore, India. All other chemicals
used were of analytical grade.

Preparation of alginate solutions

Alginate (2%, w/v) was dissolved in distilled water.
The solution was stored at 4°C and diluted with ap-
propriate buffer for further use.

Enzyme assays

Glucoamylase assay
Glucoamylase activity was estimated using starch as

a substrate [8]. One enzyme unit liberates 1 lmol
glucose per minute from soluble starch at 65 °C and
pH 4.5.

Pullulanase assay
Pullulanase activity was estimated using pullulan

(0.4%, w/v) as substrate [9]. One enzyme unit is defined
as the amount of enzyme, which liberates 1 lmol of
glucose per minute at 40 °C and pH 5.0.

4 ml t-butanol was added. In both cases, gentle vor-
texing was followed by incubating the systems at 37 °C
for 1 h. In both cases, formation of three phases (upper
organic phase, interfacial precipitate, and lower aqueous
phase) was observed. The above conditions are known
to precipitate esterified and free alginate, respectively, in
a quantitative fashion in the interfacial phase [5]. The
upper t-butanol layer was removed carefully with a
Pasteur pipette. After this, the lower aqueous layer was
removed by piercing the interfacial precipitate layer
using another Pasteur pipette. The difference between
the total enzyme activity in the crude extract and the
activity in the aqueous phase represented the amount of
enzyme bound to the alginate in the interfacial layer.
The interfacial precipitate consisting of alginate bound
enzyme was dissolved in 3 ml of 1 M maltose and in-
cubated at 4°C for 4h [11]. Enzyme was then recovered
by precipitating the alginate with 0.21 ml of 1 M CaCl2
(the final concentration of CaCl2 in the solution was
0.07 M). Enzyme activity and protein in the supernatant
were determined after extensive dialysis to remove
maltose.

Each set of the above experiments were done in du-
plicate and the difference in the values within a pair was
within ±5%.

Polyacrylamide gel electrophoresis

SDS-PAGE of the protein samples using 10% gel was
performed according to Hames [12] using a Bio-Rad
Mini Protean II electrophoresis unit and standard mo-
lecular weight markers (Bio-Rad Lab., Richmond, CA,
USA).

Protein estimation

Protein was estimated by the dye binding method [10]
using bovine serum albumin as standard.

MLFTPP of pullulanase and glucoamylase

Various amounts of pullulanase and glucoamylase
were added to 1 ml alginate (0.5%, w/v in case of ester-
ified alginate and 1%, w/v in case of free alginate). The
final volume was made up to 2 ml with 0.05 M acetate
buffer, pH 5.0, in case of pullulanase, and 0.05 M acetate
buffer, pH 4.5, in case of glucoamylase. In the case of
esterified alginate, the enzyme containing solution was
made up to 20% (w/v) with respect to ammonium sulfate
by adding solid ammonium sulfate and vortexing the
system. This was followed by addition of 2 ml t-butanol
to the above solution.

On the other hand, in the case of free alginate, the
enzyme containing solution was made up to 30% (w/v)
with respect to ammonium sulfate as above. In this case,
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Fig. 1. MLFTPP of esterified alginate with different glucoamylase
units. Varying enzyme units of glucoamylase were subjected to
MLFTPP with esterified alginate under the conditions specified in
'Materials and methods.' The difference between the total enzyme in
the crude preparation and that in the aqueous phase represented the
amount of enzyme bound to the polymer, shown as percentage en-
zyme activity bound (d), percentage protein bound ( r ) , and bound
enzyme (U/mg of polymer) ( s ) . TPP of glucoamylase was done under
identical conditions as a control. Only 51% of the total activity with a
fold purification of 2 appeared as an interfacial precipitate in this
case.
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Results and discussion

It is well established that bioseparation accounts for a
major percentage of overall production costs of en-
zymes/proteins [13]. Hence, the trend has been to de-
velop protocols with limited number of steps for protein
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Fig. 2. MLFTPP of free alginate with different glucoamylase units.
Varying enzyme units of glucoamylase were subjected to MLFTPP
with free alginate under the conditions specified in 'Materials and
methods.' The difference between the total enzyme in the crude prep-
aration and that in the aqueous phase represented the amount of en-
zyme bound to the polymer, shown as percentage enzyme activity
bound (d), percentage protein bound ( r ) , and bound enzyme (U/mg
of polymer) ( s ) .

purification [14,15]. MLFTPP is a non-chromatographic
separation technique, which needs to be tested for its
general applicability to wider range of enzymes/proteins.
The key requirement is the availability of a smart
macroaffinity ligand, which (a) forms precipitate when
subjected to TPP [2,5]; (b) shows affinity for the selected
target enzyme. Thus, as discussed in the introduction,
alginate was used for exploring the possibility of puri-
fication of glucoamylase and pullulanase by MLFTPP.

Purification of glucoamylase

Fig. 1 shows the variation of binding of glucoamylase
activity to alginate during MLFTPP when different en-
zyme loads are used with a fixed concentration of es-
terified alginate. In fact, the concentration (0.5%, w/v)
for the alginate is decided based upon the earlier ob-
servation that this is the optimum concentration for
obtaining quantitative precipitation during TPP [5]. Fig.
2 shows similar data with free alginate being used in-
stead. Both alginates work satisfactorily. Free alginate
was better, since it consistently showed >90% binding at
all enzyme loads which were tried. Tables 1 and 2 are
purification tables for glucoamylase using esterified and
free alginate. These show that esterified alginate per-
forms marginally better in terms of final percentage yield
of eluted enzyme. Fig. 3 is the SDS-PAGE of the pu-

Table 1
Purification of glucoamylase from esterified alginate

Steps Activity
(U)

438
14
2

364

Protein
(mg)

2.4
2.1
0.2
0.1

Specific activity
(U/mg)

183
7

10
3640

Yield Fold
purification

Crude
Aqueous phase
Washing (0.05 M acetate buffer, pH 4.5)
Elution (1 M maltose in 0.05 M acetate buffer, pH 4.5)

100

83 20

Crude glucoamylase preparation (containing 438 U) was added to 1 ml of esterified alginate (final concentration 0.5%, w/v). This was followed by
the addition of 20% (w/v) ammonium sulfate and t-butanol in a ratio of 1:1, v/v (aqueous to t-butanol ratio). Three phases were formed upon
incubating this solution at 37 °C for 1 h.The interfacial precipitate (consisting of alginate bound enzyme) formed between the lower aqueous and
upper t-butanol phase was collected and washed with 0.05 M acetate buffer, pH 4.5. Glucoamylase activity in the interfacial precipitate was eluted
with 1 M maltose in 0.05 M acetate buffer, pH 4.5 at 4°C for 4h. The eluted enzyme activity was estimated according to the procedure given in
'Materials and methods.' The activity initially added was taken as 100%.

Table 2
Purification of glucoamylase from free alginate

Steps Activity
(U)

438
14
1.5
340

Protein
(mg)

2.4
2.1
0.2
0.1

Specific activity
(U/mg)

183
7
8

3400

Yield Fold
purification

Crude
Aqueous phase
Washing (0.05 M acetate buffer, pH 4.5)
Elution (1 M maltose in 0.05 M acetate buffer, pH 4.5)

100

78 19

Crude glucoamylase preparation (containing 438 U) was added to 1 ml of free alginate (final concentration 1.0%, w/v). This was followed by the
addition of 30% (w/v) ammonium sulfate and t-butanol in a ratio of 1:2, v/v (aqueous to t-butanol ratio). Three phases were formed upon incubating
this solution at 37 °C for 1 h. The interfacial precipitate (consisting of alginate bound enzyme) formed between the lower aqueous and upper t-
butanol phase was collected and washed with 0.05 M acetate buffer, pH 4.5. Glucoamylase activity in the interfacial precipitate was eluted with 1 M
maltose in 0.05 M acetate buffer, pH 4.5 at 4 °C for 4 h. The eluted enzyme activity was estimated according to the procedure given in 'Materials and
methods.' The activity initially added was taken as 100%.
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Fig. 3. SDS-PAGE of purified glucoamylase. Lane M, marker pro-
teins; lane 1, crude glucoamylase (20 lg); lane 2, purified glucoamylase.
The gel was stained with Coomassie brilliant blue R-250 for 60min and
then destained in a solution consisiting of 40% (v/v) methanol and 10%
(v/v) acetic acid.

rified preparation obtained by using esterified alginate.
Thus, this one-step process has yielded a purified prep-
aration which showed a single band on SDS-PAGE.
The molecular weight of 78 kDa is in agreement with
earlier reported value [16].

Purification of pullulanase

Fig. 4 shows the precipitation of pullulanase along
with the esterified alginate. Over the entire range of
enzyme loads, the binding is around 90%. No three-
phase formation was observed when the enzyme load
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Fig. 4. MLFTPP of esterified alginate with different enzyme units of
pullulanase. Varying enzyme units of pullulanase were subjected to
MLFTPP with esterified alginate under the conditions specified in
'Materials and methods.' The difference between the total enzyme in
the crude preparation and that in the aqueous phase represented the
amount of enzyme bound to the polymer, shown as percentage enzyme
activity bound (d), percentage protein bound ( r ) , and bound enzyme
(U/mg of polymer) ( s ) . TPP of pullulanase was done under identical
conditions as a control. Only 48% of the total activity with a fold
purification of 2 appeared as an interfacial precipitate in this case.

was 44 U. Fig. 5 shows the recovery of enzyme activity
and fold purification with different starting amounts of
enzyme activity. This had not been studied earlier with
xylanase. While the fold purification increases in a
stepwise fashion and reaches a plateau with higher en-
zyme loads of 441-881U of enzymes, the activity re-
covery reaches an optimum at 441 U of enzyme load.
Presumably, as the load of protein/enzyme increases, the
complex of alginate-protein becomes more compact and
less accessible to maltose. At low loads (88 or 220 U),
maltose not only elutes out the enzyme, it also non-se-
lectively elutes out other protein molecules as well. At
881U, elution of the enzyme molecules as well as other
contaminating proteins is low. Thus, overall yield is low
and fold purification plateaus. Four hundred and forty-
one units of load becomes optimal as maltose is able to
elute out pullulanase selectively, as the binding constant
of the enzyme for maltose is higher than that of the
contaminating proteins.

Table 3 shows the details of the purification of pullu-
lanase from esterified alginate. The optimum recovery of
89% activity with 38-fold purification indicates that
MLFTPP works well in the case of pullulanase as well.
The SDS-PAGE of the purified preparation showed a
single band with a molecular weight of 100 kDa, which
agrees well with the reported value in the literature (Fig. 6)
[17]. Another surprising result obtained with pullulanase
was that three-phase formation was observed in a narrow
range of enzyme loads when free alginate was used as the
smart macroaffinity ligand (data not shown). Thus, 88,
220,878, and 1317 U gave no three-phase formation (with
conditions identical to Fig. 4). Three phases were formed
with 439 U enzyme load (80% binding of enzyme activity
and 83% binding of protein) and 878 U (85% binding and
66% binding of protein). This is surprising, since free al-
ginate precipitated as well as esterified alginate during
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Fig. 5. Elution of pullulanase from esterified alginate with different
starting enzyme unit loads. Varying enzyme activity units were sub-
jected to MLFTPP with esterified alginate (as shown in Fig. 4). The
bound enzyme activity was eluted with maltose as described in 'Ma-
terials and methods.' Eluted enzyme activity (D) and fold purification
( j ) were measured taking the initial enzyme activity loaded as 100%.
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Table 3
Purification of pullulanase from esterified alginate

Steps

Crude
Aqueous phase
Washing (0.05 M acetate buffer, pH 5.0)
Elution (1 M maltose in 0.05 M acetate buffer, pH 5.0)

Activity
(U)

441
17
2

392

Protein

(mg)

3.80
0.60
0.40
0.09

Specific activity
(U/mg)

116
28

5
4356

Yield
(%)

100
4

—
89

Fold
purification

1
—
—
38

Crude pullulanase preparation (containing 441 U) was added to 1 ml of esterified alginate (final concentration 0.5%, w/v). This was followed by
the addition of 20% (w/v) ammonium sulfate and t-butanol in a ratio of 1:1, v/v (aqueous to t-butanol ratio). Three phases were formed upon
incubating the above solution at 37 °C for 1 h.The interfacial precipitate (consisting of alginate bound enzyme) formed between the lower aqueous
and upper t-butanol phase was collected and washed with 0.05 M acetate buffer, pH 5.0. Pullulanase activity in the interfacial precipitate was eluted
with 1 M maltose in 0.05 M acetate buffer, pH 5.0 at 4°C for 4h. The eluted enzyme activity was estimated according to the procedure given in
'Materials and methods.' The activity initially added was taken as 100%.
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Fig. 6. SDS-PAGE of purified pullulanase. Lane M, marker proteins;
lane 1, crude pullulanase (20 lg); lane 2, purified pullulanase.

TPP [5]. Thus, pullulanase complex with free alginate
does not behave like free alginate alone during TPP. This
in a way is in line with the percentage elution of enzyme
activity being dependent upon how much enzyme is
present in enzyme-esterified alginate complex. Thus, it
appears that the properties of these complexes vis-a-vis
their solubility or accessibility to maltose depend upon the
amount of enzyme present on the alginate. It may be ad-
ded that TPP itself is still poorly understood at the mo-
lecular level, although it has been successfully applied to
only a few systems [3,4].

Thus, applications of MLFTPP to purification of
glucoamylase and pullulanase show some novel aspects
of this purification process. It is possible that some
general guidelines may be framed when the technique
has been used with a more extensive range of enzymes.
Until then, it may be necessary to search for and select
the best possible polymer and the conditions for getting
the optimal results.

It may be worthwhile to compare this technique with
two-phase affinity extraction method. The latter requires
costly polymer(s). Also, MLFTPP shows that on a weight

basis alginate binds four to five times more pullulanase as
compared to two-phase affinity extraction [7].

Alginate is a cheap and non-toxic polymer. In fact, it
is used as a food additive [18]. Thus, apart from the
concern about removal of traces of t-butanol, glu-
coamylase, and pullulanase purified by MLFTPP can be
safely used in food processing industries.
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