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Two plant enzyme extracts from kiwifruit and asparagus were evaluated for their ability to hydrolyse
commercially available substrates and proteins present in both beef connective tissue and topside myo-
fibrillar extracts. The results show significant differences in protease activity depending on the assay
used. Protease assays with connective tissue and meat myofibrillar extracts provide a more realistic eval-
uation of the potential of the enzymes for application in meat tenderization. Overall, the kiwifruit prote-
ase extract was found to be more effective at hydrolysing myofibrillar and collagen proteins than the
asparagus protease extract. The two protease extracts appeared to target meat myofibrillar and collagen
proteins differently, suggesting the potential of a synergistic effect of these proteases in improving the
tenderness of specific cuts of meat, based on their intrinsic protein composition.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tenderness plays an important role in dictating the acceptabil-
ity of red meat. Once the meat is cooked or served in cooked form,
many of the appearance attributes become irrelevant and flavour is
or can be manipulated with other ingredients in the meal or added
flavours. Several publications have reported the willingness of con-
sumers to pay more for meat that has a guaranteed tenderness
(Feldkamp, Schroeder, & Lusk, 2005). Therefore, the production of
tender meat is important to the meat industry in order to retain
consumer confidence in red meat and to maximise financial re-
turns due to the higher retail value of tender meat.

Meat tenderness is affected by several factors that are spread
along the production chain (biological, on-farm, processing, and
consumer factors) all of which impact on the biophysical and bio-
chemical properties of the muscle post-mortem. Post-mortem pro-
tein degradation caused by endogenous proteases during aging is
responsible for meat tenderness (Kemp, Sensky, Bardsley, Buttery,
& Parr, 2010). However due to anatomical and biological differ-
ences, not all of the muscles reach the same level of tenderization
during aging and portions of the carcass would be perceived by
consumers as tough even after an extended aging period. Higher
meat tenderization rates can be achieved by stimulating the activ-
ity of endogenous proteases through exposure to relatively high
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post-mortem temperatures and/or addition of Ca®*, but these
treatments often have a negative impact on other quality attributes
(e.g. colour and flavour) (Bekhit et al., 2005; Hopkins & Thompson,
2002). The use of exogenous proteases to improve the tenderness
of tough meat cuts and potentially increase the monetary value/re-
turn of a carcase has attracted much interest recently (Toohey,
Kerr, van de Ven, & Hopkins, 2010). Several plant enzymes (such
as papain, bromelain and ficin) have been extensively investigated
as meat tenderisers. Papain, bromelain and ficin can hydrolyse
meat proteins indiscriminately, with most literature reporting pa-
pain to have the highest rate of tenderisation at the same concen-
tration. However, these protease enzymes have broad specificities
and indiscriminately break down connective tissue and myofibril-
lar proteins (Ashie, Sorensen, & Nielsen, 2002). This leads to some
undesirable attributes in the tenderized meat (mushy texture, bit-
terness, off flavour). Recent interest in plant proteases has been di-
rected toward proteases from kiwifruit (actinidin, a cysteine
protease) which exhibit mild tenderising effects and have other po-
tential beneficial effects on lipid oxidation and colour stability of
lamb meat (Bekhit, Han, Morton, & Sedcole, 2007). Commercial
actinidin preparations improved the shear force of beef semi-
membranosus but not the compression values (Toohey, Kerr, van
de Ven, & Hopkins, 2011), indicating effective proteolytic activity
on the myofibrillar protein fraction and less effective action on
the connective tissues. Fresh kiwifruit juice however was reported
to be effective in solubilising connective tissues (Mostafaie,
Bidmeshkipour, Shirvani, Mansouri, & Chalabi, 2008) and more
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information on the activities of fresh kiwifruit juice toward meat
proteins is needed. A new cysteine protease from asparagus has
been reported (Yamaguchi, Yamashita, Takada, & Kiso, 1982), but
no information on the potential of this protease as a meat tender-
izer is available. In the current study, the proteolytic activities of
crude extracts of kiwifruit and of asparagus were characterised
using synthetic substrates and meat proteins with the aim of
determining their affinities toward different meat proteins and
the generation of useful information toward exploiting these pro-
teases as meat tenderizers.

2. Materials and methods
2.1. General

All chemicals used were of analytical reagent grade unless
otherwise stated. Fresh Italian (Agrilepidio, Cisterna di Latina,
Italy) kiwifruit (Actinidia deliciosa) and New Zealand asparagus
(Asparagus officinalis) were obtained from a local market.

2.2. Crude juice extraction

Preparation of in-house enzyme extracts was carried out
according to the method outlined by Baker, Boland, Calder, and
Hardman (1980) with some modifications. Kiwifruit and asparagus
were homogenised with a Sorvall Omni-mixer 17106 polytron (Du
Pont Instruments Corp., Wilmington, DE, USA). Juice was extracted
from the ground materials by extruding through a triple layer of
cheesecloth. Juice was centrifuged at 16,000 g for 5 min at 4 °C.
The clarified supernatant was transferred to capped microfuge
tubes and stored frozen at —20 °C.

2.3. Total protein determination

The total protein content of the enzyme extracts was deter-
mined using a 2D Quant Kit (GE Healthcare, Auckland, NZ) as per
the manufacturer’s instruction.

2.4. Protein profile of enzyme extracts

Proteins were displayed by one dimensional sodium dodecyl
sulfate polyacrylamide gel electrophoresis (1D-SDS-PAGE) using
Invitrogen gradient (4-12%) Bis-Tris gels (Invitrogen, Christchurch,
NZ). A 10 pl aliquot of each enzyme extract (containing 20 g pro-
tein) was added to 3 pl of Invitrogen SDS sample buffer and 2 pl of
Invitrogen reducing agent. The samples were incubated at 90 °C for
10 min and loaded on a gel. Electrophoresis was performed in pre-
chilled NuPAGE® MES SDS running buffer (1X) at 160V for 1 h at
room temperature. Protein standards (Novex Sharp Pre-stained
Protein Standard, Invitrogen, Christchurch, NZ) were included in
the gel as a molecular marker. After electrophoresis, the gels were
washed three times in Milli-Q water for 5 min each and stained
overnight in SimplyBlue™ SafeStain (Invitrogen) (20 ml per gel)
with gentle shaking. The gels were de-stained with Milli-Q water
(100 ml per gel) and images were scanned the following day using
a CanoScan LiDE 600F scanner.

2.5. Esterase activity assay

The ester hydrolysing activity of the enzyme extracts was inves-
tigated using the substrate CBZ-Lys-p-nitrophenyl (CBZ-Lys-ONp)
ester (Sigma, Saint Louis, MO, USA) as described previously (Han,
Morton, Bekhit, & Sedcole, 2009). Hydrolysis of the substrate
CBZ-Lys-ONp ester generates p-nitrophenol (pNP) with A4q absor-
bance maxima and was quantified with a standard curve of pNP.

Assays were carried out in triplicate over the 5.0-7.0 pH range
and 25-85 °C temperature range using 70 mM K,HPO, buffer (pH
was adjusted with KOH or H3PO,).

The esterase activity of the enzyme extracts was calculated as
pmol of pNP generated per minute per ml of enzyme solution.
The total protein amount added of the enzyme extracts to the as-
says was adjusted during protocol development and validation so
that the ester hydrolysis activity of the enzyme extracts at all
pHs and temperatures could be clearly presented for comparison.
The total protein amounts added were 0.2 and 45.5 g for the kiwi-
fruit and asparagus enzyme extracts, respectively.

2.6. Caseinolytic activity assay

The assay is based on the ability of proteases to hydrolyse fluo-
rescent-labelled casein (Thompson, Saldana, Cong, & Goll, 2000).
The substrate used was a green fluorescent-labelled (BODIPY-FL)
casein (Molecular Probes, Portland, OR, USA) and the measure-
ments were carried out using a fluorescence plate reader (POLAR-
star OPTIMA, BMG labtech, Offenburg, Germany). The change in
fluorescence at 520 nm following excitation at 485 nm was re-
corded every 10s for 1 min. Validation of the assay resulted in
the following protocol. The substrate was dissolved respectively
in ten different phosphate buffers with pHs ranging from 4.5 to
9.0. The phosphate buffers were validated to buffer adequately
over this pH range. Assays were conducted at 5, 25, 35, 45 and
55 °C. Higher temperatures were not possible due to the effect of
heat on the structure of the plates.

The fluorescence readings for the reaction steady state (within
the first minute of the assay) were used to generate a progress
curve (arbitrary fluorescence units vs. time) from which a line
slope value was determined. Enzyme unit was calculated as de-
scribed previously (Lee, Song, Tannenbaum, & Han, 2008). The
slope of the line was taken to be the best approximation to the ini-
tial velocity that could be measured in the assay at a particular pH
and temperature. The enzyme activity of each enzyme extract was
determined as the change in arbitrary fluorescent units per minute
per ml of enzyme solution. The total protein amount of the enzyme
extracts added to the assays was adjusted during protocol develop-
ment and validation so that the caseinolytic activity of the enzyme
extracts at all pHs and temperatures could be clearly presented for
comparison. The total protein amount of the enzyme extracts
added were 0.1 and 11.4pg for kiwifruit and asparagus,
respectively.

2.7. Collagenolytic activity

The collagenolytic activity of the two enzyme extracts was
determined using collagen impregnated with azo-dye (Azocoll)
(Sigma, Saint Louis, MO, USA). Azo-dye labelled peptides released
into the assay solution from the insoluble Azocoll matrix (in pro-
portion to peptide bonds hydrolysed) were measured at As,q. Val-
idation of the assay resulted in the following protocol. Azocoll
(25 mg) was suspended in 12.5 ml of phosphate buffer pH 6.0
and stirred for 2 h at room temperature, followed by decanting of
the supernatant containing extracted small azo-dye labelled colla-
gen peptides that can interfere with the assay (Chavira, Burnett, &
Hageman, 1984). The washing step was repeated. Aliquots (1.0 ml)
of the Azocoll suspension (in 12.5 ml) were stored at —20 °C. After
temperature equilibration at 25, 35, 45 or 55 °C, 100 pl of an en-
zyme extract was added to 1.0 ml of Azocoll suspension and the
tubes were tumbled at the incubation temperature in a mini Hyb-
aid oven. The samples were then centrifuged at 16,000 g for 3 min
and the absorbance (Asy) of the supernatants was recorded after 1,
2, 3, 6 and 24 h of incubation. The total protein amount of the en-
zyme extracts added to the assays was adjusted during protocol
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development and validation so that the collagenolytic activity
could be clearly presented for comparison. The total protein
amount of the enzyme extracts added to the assays was 2.1 and
227.5 pg for kiwifruit and asparagus extracts, respectively.

2.8. Preparation of myofibrillar protein extract from beef topside

The myofibrillar protein extraction procedure used was de-
scribed previously with modifications (Goll, Young, & Stromer,
1974). Beef topside (0.5g) was homogenised with a polytron
homogenizer at 11,000 rpm for 0.5 min in 5 ml homogenisation
buffer (100mM KCl, 2 mM MgCl,, 2mM EGTA, 1 mM NaNj3,
20 mM Na,HPO,4 and 20 mM NaH,PO,, pH 6.8) and 5 pl freshly
made 100 mM PMSF (in isopropanol). The homogenate was centri-
fuged at 1,000g for 10 min at 4 °C. The supernatant was discarded
and the pellet was re-suspended and homogenised again in 5 ml of
the above buffer containing 100 mM PMSF (5 pl) and 1% (v/v) Tri-
ton X-100 (5 pl), for 0.5 min at 11,000 rpm and then centrifuged at
1,500g for 10 min. The pellet was resuspended in 5 ml 50 mM Tris-
HCI, pH 6.8, vortexed and then filtered through Whatman No. 1 fil-
ter paper. The retentate was freeze-dried and stored at —20 °C as
meat myofibrillar protein extract stock material.

2.9. Hydrolysis assays of myofibrillar protein extract from beef topside

Freeze-dried meat myofibrillar protein extract stock was re-sus-
pended in buffer (0.2 mM formic acid titrated with acetic acid to
pH 3.0) to 5 mg ml~! and then adjusted to pH 6.0 with 1 M NaOH.
Validation of the assay resulted in the following protocol. Aliquots
(200 pl) of the above stock meat myofibrillar extract were equili-
brated to the assay temperature of 45 °C for 5 min in a Hybaid
mini-oven, followed by the addition of an enzyme extract (40 pl).
The tubes were then tumbled in a Hybaid mini-oven. Time course
samples of the hydrolysis assay were obtained by retrieving ali-
quots (10 pl) from the tumbled assay tube after 5, 10, 15, 20 and
30 min for the kiwifruit enzyme extract and after 2, 4, 6 and 24 h
for the asparagus enzyme extract. To the hydrolysis time course
samples, Invitrogen SDS sample buffer (3 pl) and Invitrogen reduc-
ing agent (1 ul) were added, mixed and then immediately frozen in
dry ice. Samples were then stored at —20 °C until analysed by 1D-
SDS-PAGE. The total protein amount of the enzyme extracts added
to the assays was adjusted in order to display a gradual hydrolysis
of meat myofibrillar proteins on 1D-SDS gels. The total protein
amounts of the enzyme extracts added to the assays were 0.08
and 45.6 pg for kiwifruit and asparagus, respectively.

2.10. Collagen protein extraction from beef tendon

Extraction of collagen protein was carried out as previously de-
scribed with some modifications (Davis & Mackle, 1981). Beef ten-
don (2 g), was washed with Milli-Q water, then diced (5 mm cubes)
and stirred in 500 ml 0.2 M NaCl, 0.02 M Na,HPO,, pH 7.4, for 16 h.
The material was centrifuged for 30 min at 22,000g. The washing
step was repeated on the pellet. The pellet was subjected to a sim-
ilar process with 500 ml 0.5 M NaCl, 0.02 M Na,HPO,, pH 7.4, and
then with 500 ml 0.01 M Tris-HCI buffer with 0.167 M EDTA, pH
7.4, followed by two washes with Milli-Q water for 3 h each time.
All of the steps were carried out at 4 °C. The tendon residue was
then extracted with 100 ml chloroform:methanol (2:1) three times
for 16 h each time at room temperature, followed by washing
twice with 100 ml acetone and drying with 100 ml diethyl ether.
The dried material was then suspended in 100 ml freshly prepared
phenol:acetic acid:water (1:1:1, v/v/v) and gently shaken for three
days at room temperature. Following this, the material was centri-
fuged at 1,000g for 30 min. The supernatant was extracted three
times with an equal volume of diethyl ether, after which the ethe-

real layer was discarded while the aqueous and interface layers
were collected. The collagen protein extracted from 2 g wet weight
of tendon ended up in a volume of 20 ml and aliquots of the mate-
rial were stored frozen at —20 °C for assays. The final total protein
concentration of the collagen extract was 8 mg/ml.

2.11. Collagen protein extract for hydrolysis assays

Collagen protein extract was diluted with Milli-Q water (1:1)
and the pH was adjusted to 6.0 using 4 M NaOH. Validation of
the assay resulted in the following protocol. Aliquots (200 pl) of
the stock connective tissue extract were equilibrated to the assay
temperature in a Hybaid oven. Enzyme extract (40 pl) was added
to the tubes which were then tumbled in a Hybaid oven at 55 °C.
Time course hydrolysis assay samples were obtained by removing
4 nl aliquots of the tumbled mix after 5, 10, 15, 20 and 30 min for
the kiwifruit preparation and after 0.5, 1, 2, 3 and 24 h for the
asparagus preparation. The assay samples were frozen on dry ice
immediately after addition of Invitrogen SDS sample buffer (3 pl),
Invitrogen reducing agent (1 pl) and Milli-Q water (6 pl). The sam-
ples were then stored at —20 °C until analysis by SDS-PAGE. The
total protein amounts added of the enzyme extracts to the assays
were 0.08 and 45.6 ng for kiwifruit and asparagus, respectively.

2.12. Protein identification by matrix assisted laser desorption
ionisation time of flight mass spectrometry (MALDI-TOF MS)

Stained protein bands were excised from SDS-PAGE gels and
cut into 1 mm cubes. The gel bands were destained with 80% ace-
tonitrile for 10 min and washed with ammonium bicarbonate
(ABC) buffer 2X (100 mM, pH 8.0) for 20 min. The gel pieces were
dehydrated by two consecutive incubations with 80% acetonitrile
and reduced with 10 mM DTT in ABC buffer 1X. Gel bands were
then incubated in 20 mM iodoacetic acid in ABC buffer 1X in the
dark for 15 min, and washed with 80% acetonitrile four times for

kDa
260

160

110
80

60
50 -
40 b -
30

-~
(

15

10

3.5

Fig. 1. Enzyme extract protein profiles displayed by 1D-SDS-PAGE. Indicated on the
gel are the protein molecular marker sizes, the band reference numbers (in
brackets) for mass spectrometry analysis. Lane 1 = molecular marker, lane 2 = kiwi-
fruit extract; lane 3 = asparagus extract.
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Table 1
Mascot search results against NCBInr and SwissProt databases for the hydrolysed protein fragment analysis of the meat myofibril and meat connective tissue by kiwifruit and
asparagus enzyme extracts.

Gel band References Protein identification Intact mass (Da) Apparent mass on gel (Da) Species Total ion score  Accession No. Database
1 Actinidin 23,543 23,500 Actinidia 567 157829826 NCBInr
chinensis
2 Thaumatin-like protein 24,205 20,000 Actinidia deliciosa 556 TLP_ACTDE SwissProt
3 Kiwellin 19,955 23,000 Actinidia deliciosa 116 KIWEL_ACTDE SwissProt
Kirola 17,393 15,000 Actinidia deliciosa 105 KIRO_ACTDE SwissProt
4 Myosin heavy chain-1 222,851 220,000 Bos Taurus 889 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 220,000 Bos Taurus 764 MYH2_BOVIN SwissProt
5 Myosin heavy chain-7 223,091 130,000 Bos Taurus 662 MYH7_BOVIN SwissProt
6 Myosin binding protein C 128,214 100,000 Bos Taurus 115 160425243 NCBI
7 o-actinin-2 103,713 95,000 Bos Taurus 457 ACTN2_BOVIN  SwissProt
o-actinin-3 103,086 95,000 Bos Taurus 266 ACTN3_BOVIN  SwissProt
8 ATPase-1 109,220 82,000 Bos Taurus 207 AT2A1_BOVIN  SwissProt
9 Myosin heavy chain-7 223,091 65,000 Bos Taurus 197 MYH7_BOVIN SwissProt
10 Calsequestrin-1 45,619 43,000 Bos Taurus 152 118150866 NCBI
11 Actin 42,024 40,000 Bos Taurus 638 ACTS_BOVIN SwissProt
12 Tropomyosin B chain 32,817 37,500 Bos Taurus 284 TPM2_BOVIN SwissProt
13 Tropomyosin o chain 32,675 33,000 Bos Taurus 230 TPM1_BOVIN SwissProt
14 Myosin light chain 20,919 21,000 Bos Taurus 257 MYL1_BOVIN SwissProt
Troponin | 20,828 21,000 Bos taurus 87 300797481 NCBI
15 Myosin light chain-2 19,000 20,000 Bos taurus 181 MLRS_BOVIN SwissProt
Troponin C 18,098 20,000 Mus musculus 113 TNNC2_MOUSE  SwissProt
16 Collagen type I a-1 138,854 280,000 Bos taurus 110 CO1A1_BOVIN  SwissProt
17 Collagen type I chain A 95,928 250,000 Bos taurus 73 109156929 NCBI
18 Collagen type I a-1 138,854 150,000 Bos taurus 94 CO1A1_BOVIN  SwissProt
19 Collagen type I chain B 93,272 130,000 Bos taurus 79 109156930 NCBI
20 Myosin heavy chain-7 223,091 140,000 Bos taurus 375 MYH7_BOVIN SwissProt
Myosin heavy chain-1 222,851 140,000 Bos taurus 363 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 140,000 Bos taurus 361 MYH2_BOVIN SwissProt
21 Myosin heavy chain-1 222,851 85,000 Bos taurus 381 MYH1_BOVIN SwissProt
22 Myosin heavy chain-1 222,851 70,000 Bos taurus 574 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 70,000 Bos taurus 573 MYH2_BOVIN SwissProt
23 Myosin heavy chain-7 223,091 67,000 Bos taurus 363 MYH7_BOVIN SwissProt
Myosin heavy chain-1 222,851 67,000 Bos taurus 224 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 67,000 Bos taurus 222 MYH2_BOVIN SwissProt
24 Myosin heavy chain-1 222,851 65,000 Bos taurus 404 MYH1_BOVIN SwissProt
Myosin heavy chain-7 223,091 65,000 Bos taurus 93 MYH7_BOVIN SwissProt
25 Myosin heavy chain-1 222,851 57,000 Bos taurus 468 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 57,000 Bos taurus 415 MYH2_BOVIN SwissProt
26 Actinidin 42,145 22,000 Actinidia 198 ACTN_ACTCH SwissProt
chinensis
Kiwellin 19,955 22,000 Actinidia deliciosa 75 KIWEL_ACTDE SwissProt
27 Thaumatin-like protein 24,205 20,000 Actinidia deliciosa 250 TLP_ACTDE SwissProt
28 Actin 41,982 15,000 Bos taurus 98 ACTA_BOVIN SwissProt
Myosin-2 223,180 15,000 Bos taurus 71 MYH2_BOVIN SwissProt
29 Myosin heavy chain-7 223,091 220,000 Bos taurus 316 MYH7_BOVIN SwissProt
Myosin heavy chain-1 222,851 220,000 Bos taurus 239 MYH1_BOVIN SwissProt
30 Myosin heavy chain-1 222,851 160,000 Bos taurus 525 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 160,000 Bos taurus 447 MYH2_BOVIN SwissProt
31 Myosin heavy chain-1 222,851 150,000 Bos taurus 542 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 150,000 Bos taurus 541 MYH2_BOVIN SwissProt
32 Myosin heavy chain-1 222,851 140,000 Bos taurus 572 MYH1_BOVIN SwissProt
Myosin heavy chain-2 223,180 140,000 Bos taurus 570 MYH2_BOVIN SwissProt
33 o-actinin-3 103,086 95,000 Bos taurus 232 ACTN3_BOVIN  SwissProt
o-actinin-2 103,713 95,000 Bos taurus 181 ACTN2_BOVIN  SwissProt
Myosin heavy chain-1 222,851 95,000 Bos taurus 49 MYH1_BOVIN SwissProt
34 Collagen type I a-1 138,854 140,000 Bos taurus 1377 75775290 NCBInr
Collagen type I chain A 95,928 140,000 Bos taurus 115 109156929 NCBInr
35 Collagen type I a-1 138,854 130,000 Bos taurus 937 75775290 NCBInr
Collagen type I chain A 95,928 130,000 Bos taurus 226 109156929 NCBInr
36 Collagen type I a-1 138,854 120,000 Bos taurus 1180 75775290 NCBInr
Collagen type I chain A 95,928 120,000 Bos taurus 234 109156929 NCBInr
37 Collagen type I a-1 138,854 110,000 Bos taurus 1,380 75775290 NCBInr
Collagen type I chain A 95,928 110,000 Bos taurus 170 109156929 NCBInr
38 Collagen type I a-1 138,854 90,000 Bos taurus 1,078 75775290 NCBInr
Collagen type I chain A 95,928 90,000 Bos taurus 295 109156929 NCBInr
39 Collagen type I a-1 138,854 75,000 Bos taurus 978 75775290 NCBInr
Collagen type I chain A 95,928 75,000 Bos taurus 255 109156929 NCBInr
40 Collagen type I a-1 138,854 70,000 Bos taurus 940 75775290 NCBInr
Collagen type I chain A 95,928 70,000 Bos taurus 143 109156929 NCBInr
41 Collagen type I a-1 138,854 57,500 Bos taurus 263 75775290 NCBInr
Fibromodulin 42,906 57,500 Bos taurus 102 27806623 NCBInr
Collagen type I chain A 95,928 57,500 Bos taurus 77 109156929 NCBInr

Prolargin 43,655 57,500 Bos taurus 56 PRELP_BOVIN SwissProt
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Gel band References Protein identification Intact mass (Da) Apparent mass on gel (Da) Species Total ion score  Accession No. Database
42 Collagen type I a-1 138,854 52,000 Bos taurus 393 75775290 NCBInr

Collagen type I o-2 128,985 52,000 Bos taurus 293 2967448 NCBInr
Fibromodulin 42,906 52,000 Bos taurus 236 27806623 NCBInr
43 Collagen type I a-1 138,854 37,500 Bos taurus 652 75775290 NCBInr
Collagen type I chain A 95,928 37,500 Bos taurus 66 27806623 NCBInr
Collagen type I a-2 128,985 37,500 Bos taurus 46 2967448 NCBInr
44 Collagen type I a-1 138,854 36,000 Bos taurus 545 75775290 NCBInr
45 Collagen type I o-2 128,985 32,000 Bos taurus 584 27806623 NCBInr
Collagen type I chain B 93,272 32,000 Bos taurus 124 109156930 NCBInr
Collagen type I a-1 138,854 32,000 Bos taurus 62 75775290 NCBInr
46 Collagen type I a-1 138,854 78,000 Bos taurus 102 CO1A1_BOVIN  SwissProt
47 Collagen type I a-1 138,854 69,000 Bos taurus 105 CO1A1_BOVIN  SwissProt
48 Fibromodulin 43,010 54,000 Bos taurus 127 FMOD_BOVIN SwissProt
Collagen type I a-1 138,854 54,000 Bos taurus 106 CO1A1_BOVIN  SwissProt
49 Collagen type I a-1 138,854 51,500 Bos taurus 140 CO1A1_BOVIN  SwissProt
50 Collagen type I a-1 138,854 45,000 Bos taurus 77 CO1A1_BOVIN  SwissProt
51 Collagen type I a-1 138,854 37,500 Bos taurus 121 CO1A1_BOVIN  SwissProt
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Fig. 2. Enzyme activity profiles of in-house prepared kiwifruit and asparagus enzyme extracts. (A) Ester hydrolysing activity. (B) BODIPY-FL casein hydrolysing activity.

10 min each, and in ABC buffer 1X for 20 min. The gel bands were
then vacuum dried. Subsequently, the gel pieces were rehydrated
and incubated with trypsin in ABC buffer 1X (trypsin/protein ratio
of 1:2) at 37 °C overnight. The gel bands were then incubated
for 30 min with 80% acetonitrile in 0.1% trifluoroacetic acid
(Shevchenko et al., 2001). The supernatants containing digested

peptides were retained for matrix assisted laser desorption ionisa-
tion time of flight mass spectrometry (MALDI-TOF MS). MALDI-TOF
MS was carried out in the Centre for Protein Research, Department

of Biochemistry, University of Otago. The spectra produced by MS/
MS were exported to GPS Explorer™ Software for data analysis.
The Mascot search engine (http://www.matrixscience.com) was
used to search the mass spectrometry peak data against both the
SwissProt and NCBInr amino acid sequence databases. A general
template was used to define the parameters of the database
searches, which included the allowance of the variable protein
modifications carboxyamidomethyl cysteine and oxidised methio-
nine. The parameters which were altered were; a precursor
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Table 2

Hydrolytic activities of Kiwifruit and asparagus enzyme extracts.

Collagenolytic activity using Azocoll

Caseinolytic activity using BODIPY-FL casein

Esterolytic activity using CBZ-Lys-ONp

Enzyme
extracts

Specific activity

Total protein per

assay (1g)

Ky (1M)

Vmax

Specific activity

Total protein per
assay (ng)

0.1

Specific activity

Total protein per

assay (1g)

(AAszo min~! mg~! protein)

(Afluorescence min~1)

196.1+12.8°
23.8+3.1°

(Afluorescence min~! mg~! protein)

1.1 x 108+ 0.19 x 10%
2.8 x 10> +0.49 x 10°®

protein)

—1

(umol min~' mg
249.7 +26.7*

1.2+0.2°
36x103+0.6x 1073

2.1
227.5

1.4+0.2°

Kiwifruit
Asparagus

0.2+04 x 107'®

1.0+0.3° 11.4

45.5

b Within each column, means with different superscripts are different at P < 0.05.

M. Ha et al./Food Chemistry 136 (2013) 989-998

tolerance of 75 ppm, a fragment tolerance of 0.4 Da, peptide
charges of +1 and a maximum of three missed cleavages. Protein
identity was only reported when the ion score threshold was at
least 45, which indicates identity or extensive homology (p < 0.05).

2.13. Statistical analysis

Statistical analysis was performed with Minitab® Software (Ver-
sion 16.0, Minitab Inc., Pennsylvania, USA). The results from the
protease assays were from three independent experiments in
which the measurements were carried out in triplicates. The statis-
tical differences between the means were determined by T test and
the results are presented as means + SD.

3. Results and discussion
3.1. Protein profile of the enzyme extracts

The enzyme extracts were initially subjected to 1D-SDS-PAGE
analysis (Fig. 1) to provide information on the proteins present in
the preparations. The enzyme extracts displayed a complex protein
profile on SDS-PAGE, indicating that many protein species were
present in the crude juice extracts. A dominant band observed in
lane 2 corresponding to a mass of 23.5 kDa was confirmed by mass
spectrometry as actinidin (Table 1). The protein display shows that
actinidin is only a portion of the total protein complement, in
agreement with previous studies in the literature, which have
identified several proteases and multiple actinidin isoforms in
kiwifruit extract using chromatographic approaches. By means of
anion exchange high resolution liquid chromatography, four actin-
idin isoforms with the same molecular weight were isolated (Tello-
Solis, Valle-Guadarrama, & Hernandez-Arana, 1995). A later study
found that actinidin contained up to ten different isoforms with
pl ranging from 3.9-9.3 (Nieuwenhuizen et al., 2007). The acidic
isoforms appeared to have different substrate specificities and pH
optima (Sugiyama, Ohtsuki, Sato, & Kawabata, 1996). Furthermore,
mass spectrometry results (Table 1) revealed the presence of other
proteins namely thaumatin-like protein (24 kDa), kiwellin (20 kDa)
and kirola (17.4 kDa), in agreement with other studies (D’Avino
et al., 2011; Tamburrini et al., 2005). The asparagus extract con-
tained proteins with molecular weights ranging from 5-75 kDa
with a cysteine protease expected to be approximately 28 kDa
(Yonezawa, Kaneda, & Uchikoba, 1998). Mass spectrometry of the
asparagus protein bands generated inconclusive results (data not
shown), suggesting a need of further purification in order to obtain
a more pure cysteine enzyme extract for mass spectrometry
analysis.

3.2. Esterolytic, caseinolytic and collagenolytic activity of the enzyme
extracts

Ester bond containing substrates are often used as a preliminary
indication of the catalytic activity of various proteases. The ester
hydrolysis activity of the kiwifruit and asparagus enzyme extracts
were investigated over the pH 5-7 range and temperature 25-
85 °C range using the commercially available substrate CBZ-Lys-
ONp (Sigma-Aldrich) (Fig. 2A). While the asparagus enzyme ex-
tract was catalytically active over the entire assay pH range and
most of the assay temperature range (45-75 °C), the kiwifruit ex-
tract hydrolysed the ester substrate over a narrower range of pH
and temperature. The activity profile of the kiwifruit extract, which
exhibited two hydrolysis maxima (at pH 5.5, 45 °C and at pH 7.0,
75 °C), was likely due to the presence of various proteases, and
actinidin isoforms as discussed earlier.
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Fig. 3. Meat protein hydrolysing activity of the kiwifruit and asparagus enzyme extracts analysed with 1D-SDS-PAGE. (A) Meat myofibrillar protein hydrolysis time course

assays. (B) Connective tissue protein hydrolysis time course assays.

In order to assess the amide bond hydrolysing activity of the
two enzyme extracts, a commercially available BODIPY-FL casein
was employed (Fig. 2B). The caseinolytic activity of the enzyme ex-
tracts were examined over the pH range of 4.5-8.5 and tempera-
ture range of 5-55°C. Both of the enzyme extracts were
catalytically active over the entire assay pH range, however, tem-
perature appeared to affect the enzyme activity differently in the
two enzyme extracts. While the caseinolytic activity of the kiwi-
fruit extract was detectable over most of the assay temperature
range and peaked at 45 °C, the asparagus enzyme extract was only
active at temperatures greater than 25 °C.

Similar to the esterolytic and caseinolytic activities, the collag-
enolytic activity of the asparagus enzyme extract was limited com-

pared to that of the kiwifruit enzyme extract (Table 2). The
collagenolytic specific activity of the asparagus enzyme extract
was 300-fold less than that of the kiwifruit enzyme extract. How-
ever, because these enzyme extracts were crude protease prepara-
tions, this low specific activity was most likely caused by a
significantly higher total protein (not necessarily protease) content
per assay of the asparagus enzyme extract (227.5 pg) compared to
2.1 pg of the kiwifruit extract.

The differences in hydrolytic activities of the two enzyme ex-
tracts presented in this study are potentially beneficial in that
more than one exogenous tenderizer can be used to target different
meat proteins, in order to achieve desirable tenderness level in a
meat tenderization application. The present study is the first study
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meat connective tissue.

to have examined comparatively the catalytic activity of these en-
zyme extracts under a wide range of pH and temperature, and thus
provides a more comprehensive picture of the hydrolytic activity of
the two enzyme extracts. This study also contributes to an under-
standing of asparagus protease hydrolytic activity that has not at-
tracted much investigation previously.

3.3. Kinetic parameters the enzyme extracts

BODIPY-FL casein was employed to obtain kinetic parameters
for the two enzyme extracts shown in Table 2. While maximum
velocity (Vmax) of the kiwifruit extract is higher than that of the
asparagus extract, the Ky, value (the substrate concentration at
which the reaction rate is half of V},,.x) of the asparagus extract is
significantly lower, indicating that asparagus protease had a higher
specificity for casein compared to protease(s) present in the kiwi-
fruit extract. This difference in substrate binding affinity is influ-
enced by differences in the amino acid sequences of the
proteases as suggested previously (Baker et al., 1980). Using vari-
ous ester and amide bond-containing substrates to obtain kinetic
parameters of papain-family proteases, previous studies have
shown that the K, value of an enzyme varied widely with a change
in substrate (Baker et al., 1980). Our kinetic investigation on well-
studied members of the papain-family proteases in conjunction
with the current study found that, when using casein as substrate,
the asparagus enzyme extract had the same K, value as that of pa-
pain (Ha, Bekhit, Carne, & Hopkins, 2012). These results illustrate
that although the asparagus enzyme extract exhibited relatively
low ester hydrolysing and caseinolytic activity, it can have a high
substrate binding affinity and thus be potentially useful in various
applications. For example, the low catalytic activity of the aspara-
gus enzyme extract can be advantageous to avoid over-tenderiza-

tion resulting in “mushy meat”, as encountered with papain in a
meat tenderization application (Ashie et al., 2002).

3.4. The efficacy of enzyme extracts in hydrolysing beef myofibrillar
and tendon collagen protein extract

Hydrolysis of meat myofibrillar and collagen proteins has been
regarded as the principle basis of meat tenderization (Bailey &
Light, 1989). Degradation of these meat proteins was shown to
associate with a lower shear force value (Han et al.,, 2009) and
can be used as an indication for meat tenderness level. In this
study, extracted meat myofibrillar and collagen proteins were sub-
jected to time-course hydrolysis by the two enzyme extracts and
displayed on SDS-PAGE (Fig. 3). The major bands from the hydro-
lysed samples were excised (Fig. 4) and subjected to an in-gel pro-
teolysis digestion/peptide extraction/mass spectrometry workflow,
followed by informatic analysis using international databases, of
partial amino acid sequences generated by mass spectrometry, to
obtain protein homologue identity.

The major protein bands identified in the meat myofibrillar ex-
tract by mass spectrometry (Table 1) were myosin heavy chain
(223 kDa), C protein (128 kDa), at-actinin (103 kDa), actin (42 kDa),
o~ and B-tropomyosin (33 kDa), troponin T (30.5 kDa), 30 kDa pro-
tein species, myosin light chain (25 kDa), troponin I (22 kDa) and
troponin C (17.8 kDa). In addition, other meat myofibrillar protein
bands were present on the SDS-PAGE and could be tentatively iden-
tified as: titin and nebulin (650-3200 kDa), filamin (280 kDa) and
desmin (53 kDa), based on apparent molecular weights reported in
the literature (Claeys, Uytterhaegen, Buts, & Demeyer, 1995).

The two enzyme extracts appeared to hydrolyse meat myofibr-
illar proteins at different rates and target different proteins. When
compared to other well-studied members of papain family prote-
ases, such as papain and bromelain, the kiwifruit enzyme extract
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exhibited comparable meat protein hydrolytic activities. Our previ-
ous study has found that under similar catalytic conditions, papain
and bromelain were able to hydrolyse actomyosin, titin and neb-
ulin (Ha et al,, 2012). Findings in this study demonstrated that
the kiwifruit extract hydrolysed the aforementioned proteins, as
well as filamin, actinin and desmin, as shown by 1D SDS-PAGE
(Fig. 3A) and confirmed with mass spectrometry (Table 1), in
agreement with findings in previous studies (Christensen et al.,
2009; Han et al., 2009). Furthermore, the kiwifruit extract also ap-
peared to have a similar meat myofibril hydrolytic activity to that
of a commercially prepared actinidin preparation as presented in
another study reported from our group (Ha et al., 2012). Nonethe-
less, this in-house juice extract exhibited a much higher catalytic
rate, suggesting enzyme activity interference of added compounds,
such as dextran, in the commercial protease preparation. The
asparagus enzyme extract hydrolysed myofibrillar proteins at a
much slower rate, which is consistent with the caseinolytic en-
zyme activity result presented earlier. The asparagus extract tar-
geted mainly the myosin heavy chain, however, an extended
incubation of twenty-four hours of meat myofibrillar proteins with
the asparagus extract resulted in degradation of all myofibrillar
proteins except troponin C.

The extracted collagen proteins displayed by SDS-PAGE
(Fig. 3B) and the results obtained from the mass spectrometry
analysis (Table 1) indicate the presence of several collagen sub-
types previously reported to be associated with meat connective
tissue. Type I collagen is reported to exist as a heterotrimer which
consists of two identical o-1 chains and an a-2 chain (Vuorio & de
Crombrugghe, 1990). Type I collagen is found in most connective
tissues (van der Rest & Garrone, 1991). In this current study, three
types of tropocollagen, a-1, chain A and chain B with the apparent
mass of 270, 250 and 135 kDa respectively were identified. It has
been shown that the electrophoretic mobility of collagen o chains
is lower than that of globular proteins with similar molecular
weights (140 kDa) and that the collagen -2 chain had a higher
electrophoretic mobility than collagen o-1 chain (van der Rest &
Garrone, 1991) which was ascribed to a small difference (6 kDa)
in the molecular weight of the two chains (Sykes & Bailey, 1971).

The collagenolytic activity of the two enzyme extracts was sim-
ilar to their myofibril hydrolysing and collagenolytic (with Azocoll)
activities, in that the kiwifruit extract was able to hydrolyse most
proteins in the collagen extract after a five minute incubation,
whereas the asparagus extract required an incubation of up to
twenty-four hours for a complete hydrolysis of all collagen pro-
teins. The presence of collagen type I a-1 in most of the excised
bands confirmed that this protein was the most abundant collagen
protein and was more extensively hydrolysed by the kiwifruit ex-
tract than by the asparagus extract.

The current study, using SDS-PAGE and mass spectrometry,
identifies specific hydrolysis of various meat proteins by the two
enzyme extracts. This study is also only one of a few reports that
use SDS-PAGE to display meat protein hydrolysis by exogenous
enzymes and the first to use mass spectrometry to identify hydro-
lysed peptides by these enzyme extracts.

4. Conclusions

The catalytic activity of the asparagus enzyme extract was
examined under a wide range of pH and temperature condi-
tions and its meat protein hydrolysing activity was investigated
comparatively with well-studied members of the cysteine pro-
teases such as actinidin. This has extended our understanding
of the potential of an asparagus enzyme extract in a meat ten-
derizing application as well as identified the hydrolytic activity
of proteases from kiwifruit toward myofibrillar and connective

tissue proteins. The current study has shown the difference in
meat myofibrillar and connective tissue protein hydrolytic
activities between the kiwifruit and asparagus enzyme extracts,
and as such it is conceivable to develop preparations of these
enzyme extracts that could be used to improve the tenderness
of specific cuts of meat, based on their intrinsic protein
composition.
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