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Precipitation of insoluble complexes between alpha-amylase from Aspergillus oryzae and polyacrylic acid
was studied by us in a previous work as a strategy of protein concentration and purification. Here we
studied the effect of these polyelectrolytes on the stability of the enzyme at the pH of higher interaction
(3.00), as well as the stability of the precipitates formed after applied the above methodology. The poly-
mers showed a stabilizing effect on the activity of alpha-amylase at pH 3.00, given the kinetic constants
achieved when adjusting the experimental data to a process of first order inactivation: 2.20e�2 ± 2e�3 for
alpha-amylase alone, 7.7e�3 ± 3e�4 and 8.2e�3 ± 2e�4 for polyacrylic acid 240,000 and 100,000, respec-
tively.

Also, this stabilizing effect is intensified when complexes are in the solid precipitated form before
redissolve, given the lower kinetic constants of inactivation obtained: 1.7e�3 ± 2e�4 and 2.6e�3 ± 2e�4

for polyacrylic acid 240,000 and 100,000, respectively.
In a subsequent step, a strain of A. oryzae was used as enzymatic source. In order to stimulate alpha-

amylase production and secretion by the microorganism, we used a minimum culture medium with
wheat processing residues as substrate. This has economic and environmental benefits, because of the
recycling of agricultural wastes. This culture showed a maximum productivity at the fourth day of incu-
bation.

When the technique of concentration and purification of alpha-amylase was implemented from this
culture we obtained purification factors around two and recoveries around 70%. These results demon-
strate that this methodology is suitable for the concentration and purification of alpha-amylase from
A. oryzae. Besides, it is inexpensive since it uses agricultural materials without commercial value.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction We have previously demonstrated that precipitation of insolu-
Affinity precipitation has been subject of study for many years,
but has received more attention in the last time due to the devel-
opment of new materials for its implementation [1]. Both natural
and synthetic polyelectrolytes can strongly interact with proteins
of opposite charge and form insoluble complexes that are the bases
for protein concentration and separation from a heterogeneous
mixture [2–5]. Several techniques have been used to characterize
polymer–protein complexes and have provided information about
different aspects of them. These systems can be followed by
turbidimetric techniques since these complexes can significantly
increase the turbidity of the medium [6,7].
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ble complexes between purified alpha-amylase (a-Amy) and poly-
acrylic acid (PAA) can be used as a strategy of alpha-amylase
concentration and purification [8]. We also concluded that the
enzyme forms insoluble complexes with polyacrylic acid at pH un-
der 5.00 (PAA 100,000 Da) and 4.00 (PAA 240,000 Da) with a molar
ratio PAA/alpha-amylase 1/52 and 1/154, respectively [8]. Besides,
we have previously designed a methodology to purify alpha-
amylase by precipitating the enzyme with excess of polyelectrolyte
at pH 3.00 and redissolving it at pH 6.00 (around mayor stability
of the enzyme) with high tendency of the enzyme to precipitate
(recoveries: 73.79% and 64.26% for PAA 240,000 Da and
100,000 Da, respectively) [8].

So that it is fully functional it is necessary that the enzyme is
stable after applying the conditions of the designed methodology.
This aspect was studied in the present paper by following the
kinetics of inactivation of a-Amy at the pH of precipitation (3.00)
in the presence of the polyelectrolytes and in the precipitated form.

Alpha-amylases are members of family 13 in the classification
of glycoside hydrolases (according to Henrissat [9]). Aspergillus
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oryzae has received increased attention as a favorable host for the
production of heterologous proteins because of its ability to secrete
a variety of high-value proteins and industrial enzymes, e.g., alpha-
amylase [10–12] The enzyme synthesized from A. oryzae is an
extracellular endo-acting hydrolase that gives large oligosaccha-
rides as products of starch degradation because of scission of inter-
nal alpha-1,4-linkages and its three-dimensional structure has
been well investigated by X-ray crystallography [13].

Starch is a polysaccharide that is widely distributed in nature as
a reserve of stored energy in many species of plants, and occurs
extensively in waste materials produced from the processing of
plant raw materials. Starch-processing waste is produced in large
quantities and causes pollution problems [14].

The aims of this work were: 1 – to analyze the effect of the poly-
electrolytes on the kinetics of inactivation of alpha-amylase at pH
Fig. 1. A – Stability (activity vs. time) of alpha-amylase 2.75 mg/ml at pH 3.00 in the
polymer:protein ratio 1:88 and 1:25, respectively. B – First-order kinetics of inactivation (
presence of polyacrylic acid 240,000 (s) and 100,000 ( ) in a polymer:protein ratio 1:8
3.00; 2 – to isolate the enzyme with PAA from a culture of A. oryzae
grown at the expenses of residues of wheat processing as starch
source.

2. Experimental

2.1. Chemical

Alpha-amylase (a-Amy) from A. oryzae was purchased from
Sigma Chem. Co. (USA) and polyacrylic acid, sodium salt (PAA),
sol. in water, molecular average mass 240 kDa, 25% (W/W) (PAA
240,000) and 100 kDa, 35% (W/W) (PAA 100,000) were purchased
from Aldrich and used without further purification. Phosphate buf-
fer solutions of different pH were prepared at concentration of
50 mM and were adjusted with NaOH or HCl.
absence ( ) and presence of polyacrylic acid 240,000 ( ) and 100,000 ( ) in a
log activity vs. time) of alpha-amylase 2.75 mg/ml at pH 3.00 in the absence (d) and
8 and 1:25, respectively.



Table 1
First-order kinetic constants (k, min�1) of alpha-amylase acid
inactivation at pH 3.00, in the absence and presence of PAA of
molecular weight 240,000 and 100,000.

Rate constants, k (min�1)

a-Amy 2.20e�2 ± 2e�3

a-Amy/PAA 240,000 7.7e�3 ± 3e�4

a-Amy/PAA 100,000 8.2e�3 ± 2e�4

Table 2
First-order kinetic constants (k, min�1) of alpha-amylase inacti-
vation in the precipitated form with PAA of molecular weight
240,000 and 100,000.

Rate constants, k (min�1)

PAA 240,000 1.7e�3 ± 2e�4

PAA 100,000 2.6e�3 ± 2e�4
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2.2. Enzyme assay

The measurements of alpha-amylase activity were carried out
through the commercial kit Amilase 405, kinetic unitest, that was
purchased from Winer Lab., Rosario, Argentina. This kit makes
use of a specific substrate of a-Amy: 2-chloro-p-nitrophenyl-a-D-
maltotriose (CNP-G3). The enzyme hydrolyzes the substrate releasing
Fig. 2. A – Stability (activity vs. time) of alpha-amylase 2.75 mg/ml at pH 6.00 ( ) and in
order kinetics of inactivation (log activity vs. time) of alpha-amylase in the precipitates
2-chloro-p-nitrophenol (CNP) which absorbs at 405 nm
(e405 = 12.9 mM�1 cm�1) and the color development is directly pro-
portional to enzymatic activity. Thus, the reaction was followed by
measuring the absorbance (abs.) at 405 nm for 5 min and activities
were calculated from the initial linear portion of the abs. vs. time
curves [15] and expressed as ‘‘U’’. One unit of enzyme activity
was defined as the amount of enzyme required to hydrolyze
1 lmol of substrate per minute.
the precipitated form with polyacrylic acid 240,000 ( ) and 100,000 ( ). B – First-
formed with polyacrylic acid 240,000 (d) and 100,000 (s).
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The enzyme assays were performed at a constant temperature
of 20 �C in medium phosphate buffer at the optimum pH of 6.00.

2.3. Effects of the polyelectrolytes on the kinetics of inactivation at pH
3.00

The inactivation of a-Amy at acid pH follows first-order kinet-
ics, characterized by an exponential loss of activity through time
(Eq. (1)):

lnðactÞ ¼ �kt þ lnðact0Þ ð1Þ

where act is the enzyme activity at the time t, act0 is the initial
one and k the kinetic constant of inactivation [16].

The inactivation of a-Amy in phosphate buffer at pH 3.00 was
analyzed by measurements of enzymatic activity after different
periods of incubation in the absence and presence of PAA. Exces-
sive amount of the polyelectrolytes respect a-Amy (1:88 for PAA
240,000 and 1:25 for PAA 100,000) were used. Measurements were
performed after a shift in the pH of the medium from 3.00 to an
optimum value of 6.00.

2.4. Stability of the precipitates

Stability of a-Amy in the precipitates formed with PAA was
evaluated by monitoring the kinetics of inactivation of the enzyme
after applying the strategy of concentration previously designed
[8]. According to this methodology, a-Amy was precipitated at
pH 3.00 by addition of PAA to reach the appropriate molar ratio
polyelectrolyte/enzyme in each case. After incubation, centrifuga-
tion and phase separation steps, precipitates were redissolved at
different periods of time (in phosphate buffer, pH 6.00). After redis-
solution a-Amy activity was determined and stability of the en-
zyme in the precipitates evaluated. These activities were
compared to a control of the enzyme at pH 6.00.

2.5. Microorganism, maintenance of culture

A. Oryzae NRRL 695, donated by the National Centre for
Agricultural Utilization Research (ARS), USDA, USA, was used in
Fig. 3. Productivity of alpha-amylase (activity/time vs. time) in the
this study. It was propagated on Potato-Glucose-Agar (PGA) med-
ium at 30 �C. The plates were grown for five days [17]. Spores sus-
pensions in 10% glycerol were stored at �20 �C in 1 ml aliquots.

2.6. Inoculum preparation

Spores of A. Oryzae NRRL 695 from five-day-old in PGA plates
were harvested by the addition of 15 ml distilled water. Then it
was appropriately diluted for the required density of spores and
used as the master suspension. The number of viable spores in
the inoculum was determined by the counting technique using
the Thomas Cell [17].

2.7. Substrate and culture media

Residues of wheat processing, obtained from local post-har-
vested fields, were used as substrates and sole carbohydrates
source. Into 250 ml Erlenmeyer flask, 100 ml of enzyme production
medium was prepared, containing (g/L): wheat́s wastes: 24.00,
peptone: 1.90, urea: 1.25, glycerol: 0.60, KH2PO4: 0.50, MgSO4:
0.25, (NH4)2SO4: 0.025 and distilled water. The initial pH was ad-
justed to a value of 5.00 after which the flasks were autoclaved
at 121 �C for 20 min. After cooling, the medium was inoculated
with the master spore suspension to a final concentration of
�1.00 � 106 spores per ml. Then, the inoculated medium was kept
on rotary shaker (150 rpm) at 30 �C for 96 h. At the end of the incu-
bation, the suspension was filtrated and used as the crude enzyme
for precipitation experiments [17].

The content of proteins in the culture was characterized by elec-
trophoretic separation on 10–13% SDS–polyacrylamide gel, on a
Bio-Rad minigel apparatus, stained with coomassie blue.

2.8. Productivity in the culture

Productivity (alpha-amylase activity/time) was determined in
the culture. Aliquots of this were taken after different periods of
incubation of the inoculated medium at 30 �C. These were centri-
fuged for 5 min at 29,000g and a-Amy activity was measured. A
graph of productivity (U/days) vs. time (days) allowed us to
culture of Aspergillus oryzae. Temperature of incubation: 30 �C.



M.C. Porfiri et al. / Separation and Purification Technology 92 (2012) 11–16 15
determine the time in which higher enzymatic activity is achieved
in the shortest time possible.
2.9. A. oryzae alpha-amylase precipitation with PAA of molecular
weight 240,000 and 100,000

Different volumes of solution of PAA (240,000 or 100,000) were
directly mixed with 2 ml of the culture at pH 3.00. The mixture was
incubated for 30 min and centrifuged at 1274g for 15 min, at 8 �C.
Precipitates were redissolved by the addition of a solution of buffer
phosphate at pH 6.00. Alpha-amylase activity was determined in
the supernatant (SN), redissolved precipitates (PP) and control (un-
treated culture). The concentrations of total proteins in all fractions
were determined by Warburg method [18]. Specific activities (Sp.
Act.), purification factors (PF) and recoveries (R%) were calculated
by Eqs. (2)–(4), respectively:

Sp:Act: ¼
Enzymatic ActivityðfractionÞ

½Total Proteins�ðfractionÞ
ð2Þ
PF ¼
Sp:Act:ðfractionÞ

Sp:Act:ðControlÞ
ð3Þ
R% ¼
Act/AmyðfractionÞ

Act/AmyðControlÞ
� 100 ð4Þ
Fig. 4. SDS–PAGE of the culture of Aspergillus oryzae grown in agricultural wastes
(lane 1) and molecular weight markers (lane 2).
2.10. Statistical analysis

Experiments were done in duplicate and reported results repre-
sent the mean from two calculated values and their standard devi-
ations. Statistical analysis of the results was carried out using the
Marquardt–Levenberg algorithm.
Table 3
Purification table of alpha-amylase with PAA. Specific activity, purification factor (PF)
and recovery (R%) achieved in the precipitates and control.

Vol. PAA
(ll)

[PAA]
%P/P

Specific
activity (U/mg)

PF R%

PAA 240,000
20 2.50 0.0454 ± 4e�4 2.06 ± 0.07 70.9 ± 0.7
PAA 100,000
10 3.50 0.045 ± 2e�3 2.1 ± 0.1 73.2 ± 0.7
Control

0.0220 ± 5e�4 1.00 100
3. Results and discussion

3.1. The effect of PAA on the kinetics of inactivation of a-Amy at pH
3.00

In a previous work Carlsen et al., have demonstrated that a-
Amy from A. oryzae is extremely stable at neutral pH (between
5.00 and 8.00) but loses activity at lower values, with a substantial
part of the enzyme irreversibly inactivated by first-order kinetics
[16].

Here we corroborated the first-order kinetics of inactivation of
the enzyme at pH 3.00 and evaluated the effects of the polyelectro-
lytes on its stability. Fig. 1A shows the activity (U/L) of a-Amy at
pH 6.00 after incubation at pH 3.00 over time, in the absence and
presence of PAA at a polymer:protein molar ratio of 1:88 (PAA
240,000 Da) and 1:25 (PAA 100,000 Da). From the semi-logarith-
mic plots (Fig. 1B) it is obvious that acid inactivation of a-Amy fol-
lows first-order kinetics even in the presence of PAA. The rate
constants (k) obtained from the slope of the plots (Table 1) demon-
strates that the polyelectrolytes stabilize the enzyme. These values
also suggest that the stabilization is more significant for the PAA of
higher molecular weight.

The mechanism behind acid-inactivation of a-Amy is described
in terms of an unfolding of its three dimensional structure. So, the
unfolded or partly unfolded molecules lose their activity [16]. Thus,
the effects of PAA on the protein can be understood as stabilization
of its three-dimensional structure, which delays the unfolding
process.
3.2. Kinetics of inactivation of the precipitates

Fig. 2A shows the activities (U/L) of a-Amy in the control and
precipitates obtained with PAA 240,000 and 100,000. High stability
of the enzyme was achieved in the control at pH 6.00, but again the
same pattern of inactivation was observed in the precipitates (as
for the protein at pH 3.00, Section 3.1). The semi-logarithmic plots
(Fig. 2B) demonstrate fist-order kinetics of inactivation of the en-
zyme in the precipitates. Table 2 shows the rate constants obtained
in each case. These values indicate higher stability of a-Amy in the
precipitated form than the enzyme at pH 3.00 before precipitate
(Table 1). However, time of redissolution is an important factor
to be taken into account and minimize it is an important event
to optimize the recoveries of the process.
3.3. Productivity in the culture

Productivity through time (Fig. 3) shows two different stages in
maximum a-Amy production: around fourth and seventh day of
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incubation. We selected the first one to stop the growth of the cul-
ture and filtrate because of the benefits from the standpoint of the
integrity of the enzyme and practical ones.
3.4. Electrophoresis in SDS–PAGE of the culture of A. oryzae

The content of proteins in the culture was analyzed by
SDS–PAGE (Fig. 4) prior to applying precipitation protocol. A prin-
cipal band appeared around 55 kDa (corresponding to alpha-
amylase) and a minor one of higher molecular weight.

These results suggest that the sample is clean enough, with low
content of contaminant. Thus, it is expected a successful concen-
tration in a-Amy after precipitation with the polyelectrolytes,
and a low purification factor since the starting sample is suffi-
ciently pure.
3.5. Precipitation of alpha-amylase from A. oryzae with PAA of
molecular weight 240,000 and 100,000

Specific activities, purification factors and recoveries achieved
in the precipitates (PP) and control are shown in Table 3. Activity
per mg of total proteins was two and a half fold higher in redis-
solved precipitates than control. The low purification factors were
consistent with the assumption given by the electrophoresis (Sec-
tion 3.4). However, recoveries show a strong tendency of the en-
zyme to precipitate with both polyelectrolytes, which suggests
that this technique is appropriate to concentrate the sample in
the enzyme of interest.
4. Conclusions

In this work we have examined the effect of polyacrylic acid of
different molecular weight on the kinetics of inactivation of alpha-
amylase at acid pH (3.00). The presence of the polyelectrolytes de-
lays the inactivation progress, both in complexes before and after
precipitation. Besides, the precipitated form seems to be more sta-
ble due to the lower rate constants of inactivation achieved.

On the other hand, we have precipitated alpha-amylase from a
culture of A. oryzae, grown at the expense of wheat processing
wastes as sole starch source, with polyacrylic acid of different
molecular weight. Recoveries indicate an efficient precipitation
but the enzyme was purified only twice, which is consistent with
the few protein impurities in the starting sample (according to
SDS–PAGE). So, these results suggest that this technique is suitable
for concentration and primary purification of alpha-amylase from
A. oryzae.
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