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Introduction

l-Asparaginase (l-asparagine amidohydrolase; EC 3.5.1.1) 
catalyzes the hydrolytic deamination of l-asparagine, 
resulting in the production of l-aspartic acid and ammonia. 
l-Asparaginase has been identified in bacteria, fungi, yeasts, 
archaea, plants, and animals (Chohan and Rashid 2013; 
Verma et  al. 2007). It takes an active part in basic amino 
acid catabolism by transforming l-asparagine to l-aspartic 
acid, which can join the citric acid cycle. l-Asparagine is 
normally used as nitrogen storage and transport in plants, so 
L-asparaginase plays an important role in utilization of this 
vital resource (Sieciechowicz et al. 1988).

Several decades ago, the interest in L-asparaginase arose 
owing to its antitumor activity. The application in medicine 
is the original and the main application of this enzyme. 
l-Asparaginases from Escherichia coli (Mashburn and 
Wriston 1964) and Erwinia chrysanthemi (Gervais et  al. 
2013) have been used for nearly 40 years as effective anti-
tumor drugs in the treatment of pediatric acute lymphoblas-
tic leukemia. The normal cells of human are able to syn-
thesize l-asparagine, while certain cancer cells, especially 
acute lymphoblastic leukemia cell, cannot synthesize the 
non-essential amino acid l-asparagine, due to having muta-
tions. Therefore, leukemic cells require plenty of exoge-
nous l-asparagine and are strongly dependent on the supply 
of the host. l-Asparagine may be depleted in the extracellu-
lar fluid through the decomposition by l-asparaginase, and 
then the protein synthesis, cell division, and cell growth 
of tumor cells are inhibited by the l-asparagine depletion 
(Broome 1981).
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In addition, a novel use of l-asparaginase is as a pro-
cessing aid in food industry recently. l-Asparaginase can 
be used to reduce the formation of acrylamide, which is 
classified as “probably carcinogenic to humans” (Korn-
brust et  al. 2009). Acrylamide is easily formed in fried 
and baked foods, particularly in carbohydrate-rich foods, 
such as French fries, potato chips, ginger bread, and bis-
cuits. It has been demonstrated that l-asparagine is an 
important precursor of acrylamide during food processing. 
During food heating, the l-asparagine and reduced sug-
ars undergo a non-enzymatic process called the Maillard 
reaction, which is responsible for the predominant forma-
tion pathway of acrylamide (Stadler et  al. 2002; Mottram 
et al. 2002). By adding l-asparaginase before food baking 
or frying, l-asparagine can be biologically converted into 
l-aspartic acid, which does not participate in the formation 
of acrylamide, and thus the formation of acrylamide can be 
significantly reduced (Kornbrust et al. 2009). In the previ-
ous works, l-asparaginase treatment has been demonstrated 
to have a significant effect on the acrylamide mitigation in 
cereal- and potato-based foods (Kumar et al. 2014a; Anese 
et al. 2011; Kukurova et al. 2009; Hendriksen et al. 2009; 
Pedreschi et al. 2008). And currently, l-asparaginases from 
Aspergillus niger (Koster 2007) and Aspergillus oryzae 
(Hendriksen et al. 2009) have been commercially used for 
the purpose of reducing acrylamide formation.

For both clinical and food industrial applications, stability 
is a critical factor determining the applicability of enzyme. 
Improving the thermostability of l-asparaginase is an impor-
tant way to broaden its application. Attempt made to enhance 
the stability of l-asparaginase includes enzyme immobiliza-
tion (Kumar et al. 2014b) and molecular modification (Vidya 
et al. 2014). Another way to obtain the thermostable l-aspar-
aginase was to screen the enzyme from thermophilic micro-
organisms. Recently, some thermophilic or hyperthermophilic 
source of l-asparaginases have been studied, including the 
enzymes from Pyrococcus horikoshii OT3 (Yao et al. 2005), 
Pyrococcus furiosus DSM 3638 (Bansal et al. 2010), Thermus 
aquaticus T351 (Curran et  al. 1985), Thermus thermophi-
lus HB8 (Pritsa and Kyriakidis 2001), Thermococcus koda-
karaensis KOD1 (Chohan and Rashid 2013), Thermococcus 
gammatolerans EJ3 (Zuo et al. 2014), and Streptomyces ther-
moluteus subsp. fuscus NBRC 14270 (Hatanaka et al. 2011).

Potato is an important agricultural crop throughout the 
world, and it has been processed into all kinds of popular 
snack products. But potato-based food products are consid-
ered to be among the foods containing the highest levels of 
acrylamide, due to the high concentration of free l-aspara-
gine and reducing sugars naturally existing in potatoes (Taey-
mans et al. 2004). The contents of acrylamide varies greatly 
with the sources of raw materials and processing methods in 
different commercial potato products, ranging from 339 to 
4653 µg/kg, with an average of 619 µg/kg. This content is 

relatively high compared with other products according to 
previous survey about the acrylamide levels in Chinese foods 
(Chen et al. 2008). Herein, a representative of potato prod-
ucts, French fries, was selected as the food matrix for the 
application of l-asparaginase. The present study is a report 
about cloning and expression, as well as the purification and 
characterization of an L-asparaginase from hyperthermo-
philic archaeon Thermococcus zilligii AN1 TziAN1_1. The 
effect of this thermostable l-asparaginase on the acrylamide 
formation in French fries was also investigated.

Materials and methods

Strains, plasmids, and reagents

The pET-22b(+) expression vector and the host strain E. 
coli BL21(DE3) were from Novagen (Darmstadt, Ger-
many). The resin for protein purification, the Chelating 
Sepharose Fast Flow, was purchased from GE Healthcare 
(Uppsala, Sweden). The Nessler’s reagent for ammonia 
detection was purchased from Sigma (St., Louis, MO, 
USA). Standard proteins marker (low range) for sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was obtained from Sangon Biological Engineer-
ing Technology and Services (Shanghai, China). All other 
chemicals were at least of analytical grade purchased from 
Sigma (St. Louis, MO, USA) and Sinopharm Chemical 
Reagent (Shanghai, China).

Gene cloning

The whole genome of T. zilligii AN1 TziAN1_1 chromo-
some was released in GenBank (NCBI accession number: 
NZ_AJLF01000001.1) (Kim et  al. 2012). The full-length 
nucleotide sequence of the putative l-asparaginase-coding 
gene (NCBI accession number: WP_010478656.1) with 
locus_tag TZI_RS0105015 from T. zilligii AN1 TziAN1_1 
was synthesized and incorporated with NdeI and XhoI sites 
in the 5′- and 3′-terminal of the gene, respectively, and then 
was cloned into pET-22b(+) vector by Shanghai Generay 
Biotech Co. Ltd (Shanghai, China). The recombinant plas-
mid, named pET-Thzi-L-ASN, was introduced into the 
host cell E. coli BL21(DE3) for expression. An in-frame 
6 × histidine sequence at the C-terminus was provided in 
the recombinant plasmid, allowing one-step purification by 
metal-chelating chromatography.

Expression and purification of the recombinant 
l‑asparaginase

The transformed E. coli BL21(DE3) cells, harboring plasmid 
pET-Thzi-L-ASN, were cultivated with shaking (200 rpm) at 
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37 °C in 200 mL of LB medium containing 50 μg/mL ampi-
cillin. Expression of T. zilligii l-asparaginase gene was then 
induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG) when the OD600 value was 0.6–0.8. After IPTG 
induction for 6 h, the cells were harvested using refrigerated 
centrifuge at 8000g for 20  min. Cells were washed twice 
using lysis buffer (50 mM Tris–HCl buffer, 100 mM NaCl, 
pH 8.5) and then were resuspended in the lysis buffer. For 
extraction of crude enzyme, cells were disrupted by sonica-
tion for 15 min at 4 °C. The insoluble cell debris was then 
removed by centrifuged at 20,000g for 30 min at 4 °C. The 
recombinant l-asparaginase, expressed as 6× His-tagged 
fusion protein, was purified by nickel-affinity chromatog-
raphy (Novagen) according to the manufacture’s protocol 
(pET His Taq System; Novagen). The purified enzyme was 
dialyzed twice against 50 mM Tris–HCl buffer (pH 8.5), and 
analyzed by SDS-PAGE on a 12 % gel.

Enzyme assay

The activity assay was measured by calculating the 
amount of ammonia produced during the hydrolysis reac-
tion of l-asparagine. The reaction mixture (1  mL) con-
tained l-asparagine (20 mM), Tris–HCl (50 mM, pH 8.5), 
and 25  μL of enzyme solution. The reactions were per-
formed at 90 °C for 2.5 min and were stopped by adding 
250 μL of 1.5  M trichloroacetic acid. The reaction mix-
ture was centrifuged at 20,000g for 10  min, and 150 μL 
of supernatant was added to 1.4  mL of deionized water 
and 200 μL of Nessler’s reagent to measure the released 
ammonia. The measurements were conducted spectropho-
tometrically at 450 nm. The enzyme activity was measured 
using an ammonium sulfate calibration curve. One unit of 
the enzyme activity was defined as the amount of enzyme 
required to release 1 μmol of ammonia per minute at 90 °C 
and pH 8.5. The enzyme activity was calculated on the 
basis of monomeric form of the protein.

Effect of temperature, pH, and metal ions

The optimal temperature for the l-asparaginase activity was 
determined at different temperatures from 40 to 95  °C in 
50 mM Tris–HCl buffer (pH 8.5). The optimal pH was deter-
mined at 90 °C using four buffer systems, including acetate 
buffer (50 mM, pH 4.0–6.0), phosphate buffer (50 mM, pH 
6.0–7.0), Tris–HCl buffer (50 mM, pH 7.0-9.0), and glycine–
NaOH buffer (50  mM, pH 9.0–10.0). All the buffers were 
prepared at each temperature. The thermostability was deter-
mined by detecting the residual activity of the enzyme after 
pre-incubating the enzyme in Tris–HCl (50 mM, pH 8.5) at 
various temperatures for different periods.

The effects of various metal ions were determined by 
the addition of 1 mM of various metal salts and assaying 

the l-asparaginase activity under standard conditions. The 
tested metal salts included MgSO4, CaCl2, ZnSO4, CoCl2, 
MnSO4, BaCl2, NiSO4, and CuSO4.

Determination of kinetic parameters

The kinetic parameters were determined in 50  mM of 
Tris–HCl (pH 8.5) containing 1–20  mM of l-asparagine 
at 90 °C. The observed data were fitted to the Michaelis–
Menten equation, and the kinetic constant (Km) and Vmax 
were calculated from Lineweaver–Burk plots. Using the 
molecular mass, the turnover number (kcat) and catalytic 
efficiency (kcat/Km) were calculated.

Inhibition of acrylamide formation in French fries

Large potatoes (Fovorita, 70  g/100  g water content) were 
obtained from a local supermarket. Potatoes were washed 
and peeled manually, and then were cut into 0.8 × 0.8 cm2 
strips. Strips were rinsed using distilled water immediately 
after cutting for 1  min to eliminate starch adhering to the 
surface before frying. The following pre-treatments were 
applied before frying: (a) the potato strips were blanched in 
hot water at 80 °C for 0, 1, 2, 5 and 10 min, respectively. (b) 
The potato strips were treated with thermostable l-asparagi-
nase at 80 °C for 1 min with enzyme concentration 0, 1, 2, 
5, 10 and 20 U/mL, respectively. (c) The potato strips were 
treated with 10 U/mL of enzyme at 80 °C for 0, 1, 2, 4, 8 
and 15 min, respectively. All the samples mentioned above 
were dried at 85 °C for 10 min to control moisture content, 
and then were fried at 175 °C for ~5 min using electric fryer. 
French fries were cooled to ambient temperature after frying.

Acrylamide determination

The extraction of acrylamide from French fries was per-
formed according to Jia et  al. (2013). First, French fries 
was finely ground using a food mixer homogenizer. One 
gram of sample was transferred to a 50 mL of Teflon centri-
fuge tube and 10 mL of n-hexane was added into the tube. 
The long-chain fatty acids in samples were removed under 
violent agitation. Following solutions, 10  mL of distilled 
water, 500  µL of Carrez I (15  g potassium hexacyanofer-
rate/100 mL water), and 500 µL of Carrez II (30 g zinc sul-
fate/100 mL water), were added, respectively. The sample 
was mixed for 30 min in a thermostated water bath under 
agitation to extract acrylamide. And then the homogenates 
were centrifuged at 10,000  rpm for 20  min at 4  °C. The 
precipitate was discarded and the supernatant was filtered 
through 0.22 μm Millipore filters prior to acrylamide anal-
ysis. Acrylamide was measured using a Waters 2695 liquid 
chromatography system equipped with a Waters 596 photo-
diode array detector (Waters, Milford, MA, USA) and an 
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Aminex HPX-87H (300 mm × 7.8 mm) column (Bio-Rad, 
Berkeley, CA, USA). The column was eluted at 30 °C with 
10 mM of sulfuric acid solution at a flow rate of 0.5 mL/
min, and the acrylamide was detected by ultraviolet detec-
tion at 210 nm.

Results and discussion

Sequence analysis of T. zilligii l‑asparaginase

Enzymes obtained from thermophilic sources are highly 
stable due to their evolutionary adaptation to extremes of 

environment, and the thermophilic enzymes are advanta-
geous in the commercial and industrial applications (Lud-
low and Clark 1991). l-Asparaginases from mesophilic 
sources are considered unstable and disadvantageous for 
the practical use of the enzymes, and thus a search for sta-
ble alternative sources for l-asparaginase is meaningful. 
In this work, the l-asparaginase from hyperthermophilic 
archaeon T. zilligii AN1 TziAN1_1 was characterized as 
a novel thermostable l-asparaginase, displaying a great 
potential for both medical and food applications.

The l-asparaginase gene revealed an open read-
ing frame of 993  bp encoding a protein of 330 amino 
acid residues with a calculated subunit molecular mass 

Fig. 1   Multiple sequence alignment of reported l-asparaginases from 
thermophilic and hyperthermophilic microorganisms. The alignment 
was performed using DNAMAN program. The abbreviated names at 
the left side represent the organisms from which the sequence origi-
nated. Amino acid residues that are identical in all of the displayed 
sequences are marked by blue, and strongly and weakly conserved 
residues are indicated by pink and green, respectively. The active-

side residues are symbolized by closed circles according to the crys-
tal structure of P. horikoshii l-asparaginase (Yao et  al. 2005). The 
origins of l-asparaginase and their GenBank accession numbers are 
as follows: T. zilligii AN1 TziAN1_1 (Thzi; GenBank accession no. 
WP_010478656.1), T. gammatolerans EJ3 (Thga; YP_002959808.1), 
T. kodakaraensis KOD1 (Thko; YP-184069.1), P. furiosus DSM 3638 
(Pyfu; NP_579776.1), and P. horikoshii OT3 (Pyho; NP_142084.1)
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of 35.5  kDa and a pI of 5.48. Among the seven char-
acterized thermostable l-asparaginases, four archaeon 
l-asparaginases and one Streptomyces l-asparaginase 
have known amino acid sequences (Fig.  1; Table  1). The 
T. zilligii l-asparaginase exhibits high sequence homology 
with the archaeon l-asparaginases from T. kodakaraensis 
KOD1 (78  %), P. furiosus DSM 3638 (57  %), P. horiko-
shii OT3 (58 %), and T. gammatolerans EJ3 (78 %). The 
phylogenetic tree of l-asparaginases also reveals that the 
T. zilligii AN1 TziAN1_1 l-asparaginase is more closely 
related to the reported archaeon l-asparaginases (Fig.  2). 
While the sequence displayed very low identity with those 
non-archaeon strains, such as 19 % with E. chrysanthemi 
3937 (Kotzia and Labrou 2007), 18 % with Bacillus sub-
tilis W168 (Onishi et al. 2011), and 14 % with Rhizobium 
etli (Moreno-Enriquez et  al. 2012). In previous crystal-
lographic studies on P. horikoshii (Yao et  al. 2005), eight 
residues, including Thr11, Tyr21, Ser52, Thr53, Thr83, 
Asp84, Lys154, and Lys274, were found to be involved in 
the active site and to play a pivotal role in substrate rec-
ognition and catalysis. As shown in Fig. 1, these residues 
are highly conserved in T. zilligii l-asparaginase, except 
the residues corresponding to Lys274 is substituted by glu-
tamic acid. And the analysis of P. horikoshii l-asparaginase 
structure indicated that it has an active-side flexible loop, 
so the T. zilligii l-asparaginase probably also has one, and 
the replacements of opposite charge residues in Glu275 
may makes the loop more flexible and mobile.

Expression and purification of T. zilligii l‑asparaginase

Plasmid pET-Thzi-l-ASN was transformed into E. coli 
BL21(DE3), and the recombinant l-asparaginase was het-
erogeneously expressed by IPTG induction, in fusion with 
a C-terminal 6× His-tag, which allowed for a convenient 
single-step purification using nickel-affinity column chro-
matography. The molecular weight of recombinant enzyme 
on SDS-PAGE was approximately 36  kDa, which was 
consistent with the theoretical value calculated from the 
amino acid sequence (35.5  kDa). In addition, the native 
enzyme eluted as a single 71 kDa peak from the Superdex 
200 10/300 GL gel filtration column chromatography (data 
not shown). Therefore, the native T. zilligii AN1 TziAN1_1 
l-asparaginase should be a homodimer composed of two 
identical subunits.

The l-asparaginases are mostly tetrameric forms from 
mesophilic sources reported in previous studies, includ-
ing E. coli K-12 (Khushoo et  al. 2004), Helicobacter 
pylori CCUG 17874 (Cappelletti et  al. 2008) and Pecto-
bacterium carotovorum MTCC 1428 (Kumar et al. 2011). 
As for the reported l-asparaginases from thermophilic 
or hyperthermophilic microbes, the ones from S. thermo-
luteus subsp. fuscus NBRC 14270 (Hatanaka et  al. 2011) Ta
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and the archaeon strains, including P. horikoshii OT3 (Yao 
et  al. 2005), P. furiosus DSM 3638 (Bansal et  al. 2010), 
T. kodakaraensis KOD1(Chohan and Rashid 2013), and 
T. gammatolerans EJ3 (Zuo et  al. 2014), were identified 
as homodimers, but the l-asparaginases from T. aquaticus 
T351 (Curran et al. 1985) and T. thermophiles HB8 (Pritsa 
and Kyriakidis 2001) was monomeric and hexameric, 
respectively.

Effects of pH and temperature on T. zilligii 
l‑asparaginase activity

The recombinant enzyme showed the optimum tempera-
ture at 90 °C, and displayed more than 70 % of the highest 
activity in the range of 70–95 °C (Fig. 3a). And the opti-
mum temperature was the highest in all previous reported 
literature (Table  1). The activation energy (Ea) could be 
calculated according to Arrhenius’ equation: k = Ae−Ea/(RT), 
where k is rate constant of a chemical reaction, A is the pre-
exponential factor, R is the universal gas constant, and T is 
the absolute temperature. The activity of T. zilligii l-aspar-
aginase increased with increasing temperature from 40 to 
90 °C (Fig. 3a). Fitting of the experimental data to Arrhe-
nius equation showed the lnk toward 1/T was a straight line, 
the temperature range where linearity is 40–90 °C, and the 
slope was the activation energy Ea (Fig. 3c). So the Ea was 
calculated to be 64.88 kJ mol−1, which was higher than that 
of T. kodakaraensis KOD1 (Ea =  58  kJ  mol−1) (Chohan 
and Rashid 2013).

The enzyme displayed a relatively wide pH spec-
trum with optimum pH at 8.5, and more than 80 % of its 

maximum activity was maintained from pH 6.5 to 10.0 
(Fig. 3b). It had higher activity in neutral to alkaline range, 
which was similar with many other microbial l-asparagi-
nases. The specific activity for substrate l-asparagine was 
5,278 U/mg at the optimum conditions. Even at 40 °C, the 
enzyme showed a specific activity of 431 U/mg, which was 
seven times higher than E. coli l-asparaginase (Yoshimoto 
et al. 1986).

Effect of temperature on T. zilligii l‑asparaginase 
stability

The purified l-asparaginase displayed relatively high 
stability at higher temperature. The enzyme exhibited 
promising stability at 70–85 °C with a small decrease in 
activity after incubation for 2 h, and showed about 20 % 
retention of its original activity after 2 h incubation in 90 
or 95  °C due to the inactivation at higher temperatures 
(data not shown). By comparison, T. zilligii l-aspara-
ginase exhibited lower thermostability than l-aspara-
ginases from T. gammatolerans EJ3, while it exhibited 
higher thermostability than T. kodakaraensis KOD1. 
Time course of irreversible thermal inactivation of puri-
fied l-asparaginase was shown in Fig. 4. The decay con-
stant kd was 1.2 × 10−3, 1.3 × 10−3 and 6.8 × 10−3 min−1 
at 80, 85, and 90  °C, respectively. According to the cal-
culation formula of half-life, t1/2 =  ln2/kd, the half-time 
was calculated to be 557, 533, and 102 min, respectively. 
The l-asparaginase from T. kodakaraensis KOD1 dis-
played high thermostability with half-life of 130  min 
at 85  °C (Chohan and Rashid 2013), and the one from 

Fig. 2   Phylogenetic tree was produced using selected amino acid sequences. The tree was created by the neighbor-joining method in MEGA 5 
program. Bar represents the knuc value (the length corresponding to 0.1 amino acid substitutions per position)
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T. gammatolerans EJ3 retained more than 43 % of its ini-
tial activity after 2 h of incubation at all tested tempera-
ture (70–95 °C) (Zuo et al. 2014).

Effect of metal ions on T. zilligii l‑asparaginase stability

The relative activity of T. zilligii l-asparaginase was deter-
mined in the presence of various divalent mental ions with 
the final concentration of 1 mM. The enzyme activity was 
slightly stimulated in the presence of Mn2+ and Mg2+, 
while the other metal ions nearly had no effect on the 
enzyme activity (Fig. 5). This result was in accord with the 
studies on the l-asparaginase from T. gammatolerans EJ3, 
except Zn2+ also restricted the enzyme activity of T. gam-
matolerans l-asparaginase (Zuo et al. 2014). The activity of 
T. kodakaraensis l-asparaginase was not significant effect 
for all the tested metal ions (Chohan and Rashid 2013). 
And the activity of T. thermophilus HB8 l-asparaginase 

was inhibited by 40 or 60 % in the presence of 0.5 or 1 mM 
of Zn2+, respectively (Pritsa and Kyriakidis 2001).

Determination of kinetic parameters

The Km for substrate l-asparagine was estimated to be 
6.08 mM, which was similar to the archaeon l-asparaginases 
from T. kodakaraensis KOD1 (Km = 5.5 mM) (Chohan and 
Rashid 2013), but was lower than the enzymes from T. aquati-
cus T351 (Km = 8.6 mM) (Curran et al. 1985) and T. gam-
matolerans EJ3 (Km = 10.0 mM) (Zuo et al. 2014) (Table 1). 
Generally, the Km values of l-asparaginases from archaea were 
significantly higher than those of the non-archaeon l-aspara-
ginases. The recombinant T. zilligii l-asparaginase displayed 
kcat/Km at 537.3 mM−1 s−1, which was similar to the l-aspar-
aginases from T. gammatolerans EJ3 (572.1 mM−1 s−1), but 
higher than those of T. kodakaraensis KOD1 (254 mM−1 s−1) 
and P. furiosus l-asparaginase (72.5 mM−1 s−1).

Fig. 3   Effect of temperature (a) and pH (b) on the catalytic activity of the T. zilligii l-asparaginase. c Arrhenius plot for the activity of T. zilligii 
l-asparaginase, the temperature range where linearity is 40–90 °C. Values are means of three replications ± standard deviation
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Application of T. zilligii l‑asparaginase in French fries

Blanching is a unit operation of a typical industrial pro-
cess of French fries, which is usually performed at hot 
water (65–80  °C) for 10–30  min (Kornbrust et  al. 2009). 
Herein, acrylamide content in French fries without blanch-
ing or l-asparaginase treatment was measured to reach 
1592 µg/kg, and acrylamide level could be slightly reduced 
by blanching from 1323 to 967 µg/kg with blanching time 
from 1 to 10 min (Fig. 6a). The slight reduction of acryla-
mide formation was due to that the acrylamide precursors 

Fig. 4   Time course of irreversible thermal inactivation at 80  °C 
(filled square), 85  °C (filled circle), and 95  °C (filled triangle), 
respectively. kd represents decay constant

Fig. 5   Effect of metal ions on the catalytic activity of the T. zilligii 
l-asparaginase. Values are means of three replications  ±  standard 
deviation

Fig. 6   Effect of l-asparaginase treatment on the acrylamide forma-
tion in French fries. a Acrylamide content of French fries with differ-
ent blanching time. Blanching was conducted in hot water at 80 °C. 
b Acrylamide content of French fries treated with different enzyme 
dose at 80 °C for 1 min. c Acrylamide content of French fries treated 
with 10  U/mL of enzyme at 80  °C for different time. Values are 
means of three replications ± standard deviation
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could be partially leached out during blanching. The effect 
of blanching on acrylamide reduction mainly depends on 
the operation temperature and blanching time (Mestdagh 
et  al. 2008). Blanching temperature is the crucial factor 
for acrylamide mitigation and blanching at high tempera-
ture for a short time has higher efficiency than lower tem-
perature blanching. But blanching at higher temperature 
(97 °C) may bring about unacceptable sensory properties, 
such as higher oil levels and inferior textural characteris-
tics, compared with unblanched products during frying pro-
cess (Alvarez et al. 2000).

Obviously, the typical high blanching temperature is 
disadvantageous for the treatment of L-asparaginase from 
mesophilic organisms as it easily inactivates the enzyme. 
Therefore, to effectively display the l-asparagine hydroly-
sis activity, an additional operation process at a lower tem-
perature should be brought to this process after blanching. 
l-asparaginase from T. zilligii exhibited high optimum 
temperature (90  °C) and good thermal  stability, and thus, 
the enzyme treatment could be combined together with the 
blanching process, to control the acrylamide formation in 
French fries. Shown in Fig.  6b, T. zilligii l-asparaginase 
treatment during blanching could significantly reduce the 
amount of acrylamide formation. The acrylamide con-
tent remarkably decreased upon increasing l-asparaginase 
dosage and treatment time. After enzyme treatment dur-
ing blanching at 80 °C for 1 min, the acrylamide level was 
reduced to 778, 526, 396, and 353 µg/kg, by adding 2, 5, 
10, and 20 U/mL of l-asparaginase, respectively. In addi-
tion, the acrylamide level could be further reduced when 
enzyme treatment time was extended (Fig.  6c). By treat-
ment with 10 U/mL of l-asparaginase during blanching at 
80 °C, the acrylamide level was reduced to 353, 311, 275, 
and 232  µg/kg, after blanching for 2, 4, 8, and 15  min, 
respectively. The results may be caused by the strong 

hydrolytic activity of thermostable l-asparaginase toward 
l-asparagine during blanching at 80 °C.

Numerous strategies have been applied to inhibit acryla-
mide formation in lab-scale or pilot-scale. The mitigation 
strategies can be considered from two aspects, the removal 
of precursors and interference with the Maillard reaction. 
However, the latter usually has potential negative effects 
on organoleptic properties of the final products, owing 
to much of the desired color and flavor in foods obtained 
from the Maillard reaction (Medeiros Vinci et  al. 2012). 
The concentration of free l-asparagine in potatoes is more 
abundant than that of reducing sugars (Amrein et al. 2003), 
so removal of l-asparagine, one of precursors of acryla-
mide formation, has significant influence on the inhibi-
tion of the formation of acrylamide. There have been some 
research articles about the application of l-asparaginase for 
reduction of acrylamide in potato-based foods (Table  2). 
Typically, a commercialized l-asparaginase product named 
Acrylaway® from Novoenzymes A/S, produced by Asper-
gillus oryzae expressing the l-asparaginase gene from A. 
oryzae, has been proved to be able to significantly inhibit 
acrylamide formation in various kinds of foods includ-
ing the potato-based products (Hendriksen et  al. 2009; 
Pedreschi et  al. 2008, 2011). The Acrylaway® has been 
approved as generally recognized as safe (GRAS) and has 
been widely used in food industry. In addition, acrylamide 
level in potato samples was significantly reduced from 
2.53 to 0.46 mg/kg by treatment with l-asparaginase pro-
duced by Bacillus subtilis B11-06 (Jia et  al. 2013); using 
enzyme treatment by l-asparaginase from Bacillus licheni-
formis RAM-8, the acrylamide content in potato strips was 
reduced by 80 % (Mahajan et al. 2012); and the acrylamide 
formation was almost completely inhibited in microwaved 
potato snack by E. coli l-asparaginase treatment (Zyzak 
et al. 2003).

Table 2   Comparison of reduction of acrylamide formation in potato-based foods with l-asparaginase treatment

NR not reported
a  The A. oryzae l-asparaginase used was the commercial enzyme from Novozymes A/S, named Acrylaway®

Potato-based 
products

Sources of 
l-asparaginase

Methods Acrylamide 
reduction (%)

References

Blanching (temperature, time) Enzyme treatment (dosage, 
temperature, and time)

French fries T. zilligii Combined with the enzyme 
treatment at 80 °C

10 U/mL, 80 °C, 15 min 85 This study

A. oryzaea 75 °C, 10 min 10 U/mL, 40 °C, 20 min 60 Pedreschi et al. (2008)

A. oryzaea 70 °C, 20 min 10.5 U/mL, 40 °C, 20 min 80–90 Hendriksen et al. (2009)

B. licheniformis No blanching 30 U/mL, NR 80 Mahajan et al. (2012)

Fried chips A. oryzaea 85 °C, 3.5 min 10 U/mL, 50 °C, 20 min 90 Pedreschi et al. (2011)

A. oryzaea 80 °C, 1 min 10 U/mL, 40 °C, 15 min 60 Hendriksen et al. (2009)

B. subtilis No blanching 8 U/mL, 30 min 82 Jia et al. (2013)

Microwaved snack E. coli No blanching 0.83 U/g, 25 °C, 30 min >99 Zyzak et al. (2003)
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All previous studies used the non-thermostable l-aspar-
aginases to reduce acrylamide formation, and the enzyme 
treatment was performed at no more than 50 °C (Table 2), 
meaning that the enzyme treatment process should be sepa-
rated from the blanching. Herein, the acrylamide content 
was maximally reduced by 80 % when treated with 10 U/
mL of thermostable l-asparaginase at blanching tempera-
ture for only 4  min (Fig.  6c). l-Asparaginase treatment 
at high temperature of around 80 °C for a short period of 
time was considerably efficient herein, and it seemed rela-
tively time-consuming for reduction of acrylamide content. 
Results of the current study suggested that the thermosta-
ble l-asparaginase from T. zilligii AN1 TziAN1_1 had a 
good potential application for reducing acrylamide forma-
tion in French fries, by means of combining blanching and 
l-asparaginase treatment into one step.
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