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Abstract Activity and stability of kiwifruit actinidine was determined in various conditions of pH, salt, and temperature
using N-a-CBZ-lysine P-nitrophenyl ester as the substrate. Actinidine activity was low below pH 6, and undetectable below
pH 3. The enzyme was stable in a pH range of 6.0-8.5. At 4°C the enzyme was inactive in the presence of greater than 36%
vinegar and in 2 M NaCl. Actinidine at 25°C was unstable in 24% vinegar but stable in up to 3 M NaCl. With regard to
freeze-thaw stability, actinidine retained 85% residual activity after being frozen at -20°C for 3 days. Based on Arrenius and
Lineweaver-Burk plots, actinidine became unstable at greater than 45°C with only 30% residual activity remaining after 6 min.
The Km, kcat, and kcat/Km values of actinidine were 56 uM, 67/sec, and 1.2 uM/sec, respectively.
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Introduction

Actinidine (EC. 3.4.22.14) is the most abundant protease
found in the berries of Actinidia Chinensis (kiwifruit). This
cysteine protease was first characterized by Arcus (1), and
later studied by many other authors (2-5). Actinidine has
been shown to have many similarities to papain (from
papaya), ficin (from fig), and bromelain (from pineapple)
with regard to steady state kinetic behavior, specificity, and
physical properties (5-7). These cysteine proteases differ in
their amino acid composition, isoelectric points, molecular
weights, and carbohydrate content (8-10). For example,
the isoelectric point of actinidine is 3.1, which is very
different from the values for papain (pH 8.7), ficin (>pH
9), and bromelain (pH 9.5). Actinidine has a molecular
weight of 23.5 kDa, compared with 23.4, 25.5, and 33.5
kDa for papain, ficin, and bromelain, respectively.
Recently, it was reported that actinidine in kiwifruit exists
in three different isoforms measuring 24, 28, and 30 kDa
as determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), immunobloting, and N-
terminal sequencing data (7, 8).

Actinidine has a broad optimum pH range of pH 4.0 to
4.3 for 4% gelatin as a substrate, and from pH 3 to 7 using
N-a-CBZ-lysine p-nitrophenyl ester (pNPE), N-benzoyl-
L-arginine ethyl ester, or N-benzoyl-L-arginine p-nitro-
anilide as substrates (11-13). Several studies have found
that there are three ionizations affecting actinidine activity
reflected in pKa values of 2.7-3.1, 4.9-6.5, and 9.7. The
pKa values of 2.7-3.1 and 9.7 are assigned to formation of
the ion pair (deprotonation of the histidine at high pH and
protonation of the cysteine at low pH) and the pKa of 4.9-
6.5 is assigned to the catalytical role of enzyme (11, 14,
15).

Actinidine in kiwiftuit is known to affect taste or flavor,
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allergenic properties, and is used as a meat tenderizer. The
enzyme prevents gelatin from setting and produces off-
flavors when present in milk or milk products for long
periods. However, little or no proteolytic effects on milk or
gelatin or the setting of pork myofibrillar proteins are
observed following brief cooking of the fruit, or the
addition of vinegar or salt. Therefore, understanding the
properties of this enzyme for practical use would be
helpful to prevent unwanted changes or effects in foods
treated with actinidine during food processing and storage.

The purpose of this paper is to study the properties of
actinidine from commercial kiwifruit extract powder with
respect to pH, vinegar, and salt concentrations as well as
its kinetics and thermodynamics, thus providing valuable
information for the practical use of actinidine as a meat
tenderizer or as an ingredient in gelatin based foods and
dairy products.

Materials and Methods

Materials Actinidine extract powder was obtained from
Natures Food Ingredients Limited (Pukekohe, Australia).
Buffer salts and acetonitrile were obtained from Fisher
Scientific (Pittsburg, PA, USA), pNPE from Sigma
Chemicals (St. Louis, MO, USA), the Bicinchoninic Acid
(BCA) protein determination kit was obtained from the
Pierce Chemical Co. (Rockford, IL, USA), and filters from
Gelman Sciences (Ann Arbor, MI, USA).

Enzyme preparation and assay Actinidine extract powder
was dissolved in water and vacuum-filtered through a 1.5
uM filter followed by a 0.2 puM membrane filter to
completely remove insoluble particles from the crude
enzyme. The protein concentration and profile of this
solution was determined using the BCA kit and 10% SDS-
PAGE analysis. Actinidine activity (20 ug of actinidine)
was monitored by its esterase activity on pNPE (0.13 mM)
as described by Boland and Hardman (16). The stock
solution of substrate (2.5 mM) was prepared with 90%
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acetonitrile. The hydrolysis of pNPE was measured using
a double beam UV-visible spectrophotometer (Biospec
1601; Shimadzu Scientific Instruments, Japan) over 1 min
at 400 nm in a 1 mL cuvette. A blank without substrate
was used as a control. All experiments were carried out in
triplicate at 25°C in 20 mM sodium phosphate buffer, pH 7
unless otherwise stated.

Enzyme activity measurement The optimum pH for
actinidine activity was determined by measuring reaction
rates over a pH range of 2.0-10.5. The buffers used were:
sodium citrate buffer (pH 2-4), sodium acetate (pH 4-5),
sodium phosphate buffer (pH 6-7), Tris-HCI buffer (pH 8-
10.5), and glycine-HC1 (pH 9-10). Actinidine activity was
also determined in various salt concentrations (0-5 M
NaCl) with 20 mM sodium phosphate buffer, pH 7.

Enzyme stability measurement Actinidine was incubated
in 20 mM sodium phosphate buffers with various salt (0-5
M NaCl) or vinegar concentrations (0-48%) for 24 hr at 25
or 4°C, or in 20 mM buffer solution adjusted to various pH
levels (pH 2-10.5) for 2 hr at 25°C. Enzyme activity was
then measured using 20 mM sodium phosphate buffer, pH
7, containing 0.13 mM pNPE. Freeze-thaw stability was
also measured by thawing the enzyme at 25 °C for 30 min
after being frozen at -20°C for 3 days. Residual activity
was measured using 0.1 M sodium phosphate buffer, pH 7,
containing 0.13 mM pNPE.

Kinetic parameters Various concentrations of pNPE
substrate (0.0025-0.25 mM) were used to determine
kinetic constants. The kinetic parameters Vmax, Km, and
kcat for pNPE were determined from Michaelis-Menton
and Lineweaver-Burk plots. The reciprocal of V was
graphed vs the reciprocal of [S] and the best-fit line was
obtained. Values of Vmax and Km were determined using
the equation: 1/V=Km/Vmax [S] + 1/ Vmax. The catalytic
center activity, kcat was obtained by dividing Vmax by the
total active enzyme concentration.

Thermodynamics Enzyme solutions (200 mg in water)
were incubated at 25, 45, 55, 65, and 75°C in a water bath
for 30 min. Aliquots of enzyme solution (20 mg) at each
temperature were removed and the residual enzyme
activity was measured using 0.13 mM pNPE every 6 min
during the incubation period. The activation energy (Ea)
for enzyme inactivation was obtained from two graphs as
described by Anthon and Barrett (17). First, the log of the
percent residual activity of heat treated enzyme was
graphed against the incubation time for each temperature
analyzed. The slope of these lines resulted in a rate
constant, k, for enzyme inactivation. Next, the natural log
of the & values at each temperature was plotted against the
reciprocal of the temperature in degrees Kelvin (K). The
slope of the best-fit line gave an estimate of the value -Ea/
R where, Ea is the activation energy and R is the universal
gas constant (8.314 J /mol K).

Results and Discussion

Enzyme preparation Kiwi extract powder was
dissolved in water and 0.2 uM filtered to obtain only the
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Fig. 1. SDS-PAGE analysis (10%)-of actinidine from kiwifruit.
Lane M is a protein standard marker. Lane S is fractionated
actinidine (10 pg) from crude kiwifruit which was heated after
adding SDS and f-mercaptoethanol. Arrows indicate expected
molecular weights of actinidine isoforms.

water soluble enzyme fraction since actinidine accounts
for about 50% of the soluble proteins in kiwifruit (8).
There are two major bands at 24 and 31 kDa on SDS-
PAGE analysis, showing the expected molecular weights
of actinidine in kiwifruit (Fig. 1). The enzyme solution
was stable for 4 weeks at 4°C.

Enzyme activity Enzyme activity was determined under
variable conditions of pH (2-10.5) or salt concentration (0-
5 M NaCl) (Fig. 2). The specific activity of an enzyme is
given as DA/min (or U) per mg enzyme. Actinidine
activity was low below pH 6 but increased rapidly at
neutral and basic conditions (pH 7-10) as shown in Fig.
2A. This result is consistent with data from Boland and
Hardman (16) in which the kcat was pH independent
below pH 7.0 but increases greatly at high pH, with a pKa
of 8.1. Actinidine was active at 0-0.5 M NaCl but was
inactive at 1-5 M NaCl (Fig. 2B).

Enzyme stability Figure 3 shows enzyme stability using
0.1 M sodium phosphate buffers at various pH (pH 2-
10.5), vinegar (0-48%) or salt (0-5 M NaCl) concentra-
tions at 25 or 4°C. With regard to pH, actinidine showed
the highest stability at pH 7, retaining 100% residual
activity (Fig. 3A). Actinidine was stable in the pH range of
6-8.5 with 70% residual activity compared to the activity
at pH 7. However, actinidine was almost lost its activity
under extreme acidic conditions (below pH 3) (Fig. 3A).
Our result is consistent with results of previous studies (11,
18) in that actinidine is unstable outside the pH range of
pH 4.3-10.2 and its activity is totally lost at pH 3.2 after 3-
5 min incubation (11, 18). The pH dependence of
actinidine stability could be due to a combination of the
catalytic mechanism at the active-centre (cysteine-histidine
jon pair) and electrostatic effects (15, 19). The kineticall;'
significant pKa values of actinidine are 2.7-3.1 (Cys*>/
His'®? catalytic site ion pair formation), 4.9-6.7 (Asp™*/
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Fig. 2. Actinidine activity with respect to pH and salt concen-
tration at 25°C. A) Effects of pH on actinidine activity (pH 2-
10.5), B) Effects of salt on actinidine activity (0-5 M NaCl).
Curves represent the mean of triplicates; the standard error is
shown by the error bars.

Asp'®' couple as electrostatic modulators), and 9.6 (ion-
pair deprotonation) (14, 15).

As a practical approach, vinegar (with 5% acidity) was
used at concentrations from 0 to 60% in place of buffers
(Fig. 3B), and enzyme stability was determined as
described earlier. For 24 hr at 4°C, actinidine showed a
higher activity than at 25°C at the same vinegar concen-
tration, although similar stability patterns were observed.
At 4°C, the enzyme was more stable in 6% vinegar,
retaining 58% residual activity in comparison with no
vinegar. However, the enzyme became less stable in 24%
vinegar with 20% residual activity, and then was virtually
lost its activity in greater than 36% vinegar (Fig. 3B). On
the other hand, actinidine at 25°C became almost lost its
activity in 24% vinegar having less than 5% residual
activity (Fig. 3B).

Actinidine activity was stable in salt within a range of
0-5 M NaCl at both 4 and 25°C as shown in Fig. 3C.
Enzyme incubated at 4°C showed a higher activity than
that at 25°C over a 24 hr period at the same salt
concentration, although samples at both 4 and 25°C lost
their activities gradually as the salt concentration was
increased. Actinidine activity at 4°C was stable at 0-1 M
NaCl with more than 60% residual activity, but decreased
its activity at 2 M NaCl, showing 40% residual activity.
Actinidine activity at 25°C was stable up to 3 M NaCl
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Fig. 3. Actinidine stability with respect to pH, vinegar, and salt
concentration at 25 or 4°C. A) Effect of pH on actinidine
stability (pH 2-10.5) at 25°C for 2hr, B) Effect of vinegar on
actinidine stability (0-48% concentration) at 25 or 4°C for 24 hr,
C) Effect of salt on actinidine stability (0-5 M NaCl) at 25 or 4°C
for 24 hr. Curves represent the mean of triplicates; the standard
error is shown by the error bars.

with 50% residual activity (Fig. 3C).

With regard to freeze-thaw stability, actinidine retained
85% residual activity after being frozen at -20°C for 3
days followed by thawing the enzyme at 25°C for 30 min.

Kinetic parameters A Lineweaver-Burk plot of actinidine
hydrolysis of pNPE (0.0025-0.25 mM concentration) is
shown in Fig. 4A. The Kim, a substrate binding indicator
for the enzyme is 56 pM, higher than the 22-28 uM (16,
20) but lower than the 91 uM (12) previously reported for
pNPE. The kcat value of 67/sec in this study is higher than
29-33/sec (16, 20) but lower than 101/sec (12) as
previously reported. In comparison to other studies, the
different enzyme affinity for substrate (Km) and catalytic
activity of the enzyme (kcat) in this study may be due to
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Fig. 4. Enzyme Kkinetic using Lineweaver-Burk plot (A) and
thermal inactivation using Arrenius plot (B). A) The enzyme
kinetics of actinidine (20 ng) was measured using various concen-
trations of pNPE substrate (0.0025-0.25 mM) in 20 mM sodium
phosphate at pH 7. B) Thermal inactivation of actinidine as
determined by Arrenius plot at 25, 45, 55, 65, and 75°C for 30
min.

differences in protein purity and activity (21). However,
the kcat/Km value, representing the catalytic efficiency of
the enzyme for the specific substrate, was 1.2 uM/sec
which is similar to the value of 1.1-1.3 uM/sec obtained
from other studies (12, 16, 20). Since the kcat/Km value is
the most reliable measure of enzyme specificity, our
enzyme shows similar specificity toward pNPE in
comparison to other studies (12, 16, 20).

Thermal inactivation The thermal stability of actinidine
was determined using an Arrenius plot (Fig. 4B).
Actinidine is stable at 25°C since it required 90 min to
become completely lost its activity. A time of 50 min is
needed to completely iactivate the enzyme at 45°C. The
enzyme becomes inactive at 55, 65, or 75°C with incuba-
tion times of 37, 32, or 25 min, respectively. Actinidine
incubated at 45°C lost more than 70% of its activity after 6
min incubation, whereas at 55°C more than 92% of its
activity was last after 18-24 min of incubation. From the
slopes of the lines at each temperature, inactivation rate
constants were calculated and plotted in an Arrenius plot
(y = -2385.3 x + 5.085, R*=0.99) (22). The activation
energy for actinidine was 19.8 kJ/mol. At temperatures
greater than 45°C, inactivation could be the result of
protein unfolding. The high activation energy implies that
the rate of this process is strongly temperature dependent,
and thus at lower temperatures this rate becomes

S. -H. Nam et al.
insignificant.
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