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ABSTRACT

Zymogram analysis revealed three isoforms of leucyl aminopeptidase (LAP) using leucine-p-nitroanilide as a substrate in the crude
extracts of different potato tuber cultivars. The major LAP isoform, detected in all analyzed potato cultivars, was also active using
methionine-p-nitroanilide, alanine-p-nitroanilide and lysine-p-nitroanilide as a substrates. The major LAP from potato tuber was
subsequently purified and characterized. Specific LAP activity increased 160-fold by purification of the crude extract. The purified
enzyme had a pH optimum of 9.0 and temperature optimum of 40°C. LAP hydrolyzed leucine-p-nitroanilide with a Ky, of 0.048 mM and
a Vo of 31.56 mM /min. Among a number of inhibitors tested, the most efficient was 1,10-phenanthroline, while ethylene glycol
tetraacetic acid (EGTA) stimulated LAP activity. Almost all divalent cations tested, significantly inhibited the enzyme activity. LAP,
purified by gel-filtration on Superose 12-FPLC column, had molecular mass of 90 kDa and isoelectric point of 5.45. Sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) revealed one band of 48 kDa. LAP from potato tubers displayed some
novel properties among plant LAPs.
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Abbreviations: ApNA, alanine-p-nitroanilide; CBB, Commassie Brilliant Blue; DEAE, diethylaminoethyl group; EDTA, ethylene
diamine tetraacetic acid; EGTA, ethylene glycol tetraacetic acid; FPLC, fast protein liquid chromatography; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; IDA, imino-diacetic acid; KpNA, lysine-p-nitroanilide; LAP, leucyl aminopeptidase; LAP-A,
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nitroanilide; MpNA, methionine-p-nitroanilide; SDS-PAGE, sodium dodecylsulphate-polyacrylamide gel electrophoresis; SEM, standard

error of the mean

INTRODUCTION

Aminopeptidases are exopeptidases that catalyse the clea-
vage of N-terminal amino acids from polypeptides and pro-
teins. They have a broad specificity, are widely distributed
in many cells and tissues and are involved in several im-
portant biological functions. Aminopeptidases are classified
according to their substrate specificity, their location, their
sensitivity to inhibitors and their metal cation cofactor re-
quirement (Barrett ez al. 1998). Of the various aminopepti-
dases leucyl aminopeptidases (LAPs) hydrolyse a wide va-
riety of peptides and amides and have been identified in the
tissues of numerous plant, microorganism and animal spe-
cies.

Generally, two classes of LAPs have been reported for
most plant species (Herbers et al. 1994). The first group
comprises thermolabile aminopeptidases with molecular
weight of approximately 60-90 kDa and a neutral pH opti-
mum. They are strongly inhibited by heavy metals and SH-
reagents. The second group refers to enzymes similar to
plant LAPs but isolated from animals. These are large (250-
330 kDa), homohexameric metallopeptidases that are inhib-
ited by ethylene diamine tetraacetic acid (EDTA) and besta-

tin. They are heat-stable and possess an alkaline pH optimum.

LAPs with alkaline pH optimum have been biochemically
purified from a number of plants (Matsui et al. 2006).

The exact role of LAPs in plants is not known. These
enzymes take part in some important processes, such as
protein mobilization from cotyledons after germination, and
protein turnover required for cell maintenance in vegetative
and reproductive organs (Tu et al. 2003). LAPs are in-

volved in rapid turnover of proteins required in wounding
or pathogen attack (Hildmann ez al. 1992; Herbers et al.
1994; Gu and Walling 2000).

Although LAPs (LAP-N and LAP-A, neutral and acidic
forms of plant leucyl aminopeptidases) have been found in
potato (Tu ef al. 2003), to date relatively little information
is available concerning the presence and properties of such
enzymes in the tuber. Potato leaf and root tissues contain
the highest level of aminopeptidase activites (Santarius and
Belitz 1978). However very low levels have been observed
in tubers (Santarius and Belitz 1978; Hildmann et al. 1992),
which would indicate that purification of the enzyme from
tubers is difficult. LAP encoded by a potato cDNA homolo-
gous to a LAP from bovine lens expressed in Escherichia
coli was characterized (Herbers et al. 1994) and possible
role in potato was analyzed.

Potato (Solanum tuberosum) is the world’s fourth most
important crop after rice, wheat and corn, and its impor-
tance is growing (Jargensen et al. 2006). Potato juice (waste
product from industrial starch manufacture) is a potential
resource of novel proteins for biotechnological, pharmaceu-
tical or food applications. For realization of this potential,
biochemical characterization of individual proteins such as
LAPs from potato tubers, is necessary.

In the present study, we purified major LAP from
potato tuber and characterized its enzymological properties
(catalytic properties, substrate specificity, pH and tempera-
ture optimum, thermal stability and its susceptibility to in-
hibition) and molecular properties (molecular mass and iso-
electric point). The results show novel properties of LAP
from potatoes.
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MATERIALS AND METHODS
Materials and reagents

One year old potatoes (S. fuberosum) were purchased from local
markets for enzyme purification. Different (red and white) potato
tuber cultivars (‘Aladin’, ‘Agria’, ‘Desiree’, ‘Cleopatra’, ‘Ken-
nebec’, ‘Kondor’ and ‘Virgo’) were gifts from the Centre of Potato
(Guca, Serbia). All reagents and solvents used were of the highest
available purity and at least of analytical grade. They were pur-
chased unless otherwise stated, from Merck (Darmstadt, Germany)
and Sigma-Aldrich (St. Louis, MO, USA).

Preparation of crude protein extracts

Potato tubers were homogenized in a domestic juice extractor
(Jack La Lanne’s power juicer) in the presence of sodium bisulfate
(0.5 g/kg of tuber) to prevent browning. Starch was sedimented for
30 min at 4°C, and the supernatant was decanted and centrifuged
at 10,000 x g for 15 min.

The concentration of proteins was determined by the Bradford
assay with bovine albumin as a standard (Bradford 1976). The
concentration of proteins was subsequently determined by the
Bradford assay at all purification stages as well.

LAP activity assays

Enzyme activity targeting leucine-p-nitroanilide (LpNA) was
determined spectrophotometrically by measuring the absorbance at
410 nm (Erlanger et al. 1961). Reaction mixtures contained 10 pl
of potato crude extract or purified enzyme in 0.5 ml of 50 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buf-
fer pH 8.0 and 1.0 mM LpNA in 2% N,N-Dimethyl-formamide.
Incubations (at 30°C) lasted 15 and 30 min for crude extract and
purified enzyme, respectively. All reactions were terminated by
adding 0.1 ml 30% acetic acid. Enzyme activity was expressed in
U which was defined as the amount of enzyme hydrolysing 1
pumol of p-nitroanilide per min at 30°C.

Native vertical PAGE

PAGE (Davis 1964) was performed in a 4% w/v stacking gel (1.5

% 16.0 x 0.15 cm) and 10% w/v running gel (5.5 x 16.0 x 0.15 cm).

Samples were mixed with 3X sample buffer. Electrophoresis was
performed using a Hoefer SE 620 (Hoefer, San Francisco, CA,
USA) at a constant 80 V for 2 h at 4°C until the tracking dye ap-
proached the lower gel margin.

Activity staining of tuber LAP from red and white
potato cultivars

Different (red and white) potato tuber cultivars (‘Aladin’, ‘Agria’,
‘Desiree’, ‘Cleopatra’, ‘Kennebec’, ‘Kondor’ and ‘Virgo’) were
subjected to native vertical PAGE and after which LAP activity
was detected by zymogram analysis (Bozi¢ and Vujé¢i¢ 2005). The
gel was washed twice (each 10 min duration) with distilled water
and equilibrated with 50 mM Tris-HCI buffer, pH 8.5 (two 5 min
duration). Thereafter, the gel was dipped into LpNA solution in 50
mM Tris buffer pH 8.5 and incubated at 30°C for 10 min. Diazo-
tisation of liberated p-nitroaniline was performed at room tempera-
ture by immersing the gel into freshly prepared 0.1% w/v sodium
nitrite solution in 1 M HCI for 2 min. Excess sodium nitrite in the
gel was removed using 1% w/v urea (30 s exposure with gentle
agitation). The diazotized gels were then immersed into 22% v/v
ethanol containing 0.025% w/v 1-naphthylamine followed by gen-
tle agitation until a distinct pink-coloured azo dye formed (up to 5
min).

Activity staining of LAP isoforms using different
aminoacyl-p-nitroanilides

In order to detect leucyl aminopeptidase isoforms with different
specificity in tuber of white potato cultivar Agria, the same detec-
tion procedure described for LyNA was applied for methionine-p-
nitroanilide (MpNA), alanine-p-nitroanilide (ApNA) and lysine-p-
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nitroanilide (KpNA).
LAP purification

Crude tuber extract (700 mL) from potato cultivar Agria (white
potato), (7.55 mg protein/mL) was loaded onto a Sephadex G 25
coarse column (4.6 x 60 cm, Pharmacia, Uppsala, Sweden) for
pigment removal. The column was equilibrated with 10 mM Tris
HCI buffer pH 7.0 in 0.9% NaCl.

Solid (NH,4),SO, was added to 20% saturation to 850 mL of
depigmentated material and loaded onto a Phenyl Sepharose Fast
Flow column (3.5 x 15 c¢m) equilibrated with the 10 mM Tris HCI
buffer (pH 7.0) in 20% (NH,4),SO, buffer at a flow rate of 10.0
ml/min. The retained proteins were eluted with 10 mM Tris HCI
buffer pH 7.0. Fractions (each 5 mL) were collected and immedi-
ately assayed for protein using absorbance monitoring at 280 nm
and LAP activity.

Seventy mililitres of desalted fraction with LAP activity (18.6
mg protein/mL) was applied to a DEAE Sepharose Fast Flow
column (XK, 2.6 x 20 cm, Pharmacia, Uppsala, Sweden) equilib-
rated with the 10 mM Tris HCI buffer pH 7.0. All proteins were
eluted using a linear salt gradient ranging from 0 to 1M NaCl
using the same buffer at a flow rate of 30 mL/h. Fractions (each 5
mL) were collected and assayed for protein and LAP activity.

Fraction (1.5 mL) containing LAP activity (4.1 mg protein/
mL) was subjected to gel filtration on Superose 12 prep column
(HR 16/60, Pharmacia, Uppsala, Sweden) on a fast protein liquid
chromatography (FPLC) system (Pharmacia, Uppsala, Sweden).
The column was previously equilibrated with 10 mM Tris HCI in
50 mM NaCl pH 7.2 at a flow rate of 0.7 mL/min. Fractions (1.0
mL) were collected and assayed for LAP activity. Several prepa-
rative native (6%) polyacrylamide gel electrophoresis (Bozi¢ et al.
2008) were used to separate LAP activities from the fraction ob-
tained after Superose 12 FPLC chromatography. A total amount of
87.9 g protein of fraction per electrophoresis was used. Electro-
phoresis was performed using a Hoefer SE 620 electrophoretic
unit (Hoefer, San Francisco, CA, USA) at 4°C until the tracking
dye reached the lower gel margin. Following electrophoresis, LAP
activity was detected by in-gel activity staining. The gel was
washed twice (10 min each) with distilled water and then equilib-
rated with 50 mM Tris-HCI buffer, pH 8.5 (two 5 min incubations).
Thereafter, the gel was dipped into 2 mM LpNA solution in 50
mM Tris buffer pH 8.5 and incubated at 30°C for 10 min. The
most intensely stained (yellow) part of the gel was excised and
homogenized in two volumes of water to facilitate protein extrac-
tion. The obtained LAP preparation (25.9 pg protein/mL) was used
for enzyme characterization.

The same procedure was applied for purification of LAP from
the potato cultivar ‘Desiree’ (red potato).

Molecular mass and isoelectric point

The molecular mass (MM) of native LAP was determined by gel
filtration on Superose 12 FPLC column (HR 10/30, Pharmacia, Up-
psala, Sweden). The column was calibrated with aldolase (158,000
Da), bovine serum albumin (67,000 Da), ovalbumin (43,000 Da)
and cytochrome c (13,000 Da).

The apparent molecular mass of the LAP subunits was deter-
mined by SDS-PAGE by comparison with standards. Samples
were prepared with reducing sample buffer (0.0625 M Tris pH 6.8,
2% SDS, 10% glycerol, 5% p-mercapthoethanol and 0.002%
bromophenol blue) with heating for 3 min in a boiling water bath.
Electrophoresis was carried out according to Laemmli (1970)
using 10% acrylamide. LMW-SDS marker kit (GE Healthcare,
UK) was used as molecular mass standards. After the run gels
were stained with Commassie Brilliant Blue (CBB).

Isoelectric focusing was performed using Multiphor II electro-
phoresis system (Pharmacia-LKB Biotechnology AB, Uppsala,
Sweden) according to the manufacturer’s instruction. Focusing
was carried out on 7.5% acrylamide gel with ampholytes in a pH
range 3.0-10.0, at 7 W constant power for 1.5 h at 10°C. Broad p/
kit (GE Healthcare, UK) was used as isoelectric point (p/) markers.
After the run, one part of the gel was CBB stained and another
processed for LAP activity with LpNA (Bozi¢ and Vujci¢ 2005).
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Ky and V,,.x values

Initial reaction rates were determined using LpNA as a substrate in
the concentration range from 1.8 to 55 uM. Incubation mixtures
contained 10 pl of purified enzymes from the cultivar ‘Agria’
(white cultivar) and ‘Desiree’ (red cultivar) in 0.5 ml of 50 mM
HEPES buffer pH 8.0 and approriate substrate concentration. Sub-
strate hydrolysis was monitored at 410 nm at 30 s intervals for 30
min at 30°C. The data were processed using non-linear regression
analysis by the GraphPad Prism 5.01 program (Bozi¢ et al. 2003).

pH optimum studies

To determine the pH optimum of LAP activity against LpNA, 10
ul of the purified enzyme and a series of 50 mM bufters in the pH
range from 4.0 to 12.0 were used [acetate, pH 3.8-6.3; Tris HCI,
pH 6.5-9.0; phosphate, pH 9.0-11.0 (made from Na,HPO, x
2H,0)]. Controls, contained only substrate, indicated that the buf-
fers did not induce substrate hydrolysis.

Temperature optimum and thermal stability
studies

To determine the temperature optimum of LAP activity against
LpNA, 10 pl of the purified enzyme were assayed in 50 mM
HEPES buffer, pH 8.0 at 2°C and in the temperature range of 10 to
60°C at 10°C intervals. Controls, contained only substrate, indi-
cated that the temperature did not induce substrate hydrolysis.
Thermal stability was ascertained at 30, 40, 50, 60 and 70°C.
Aliquots of 10 pl of the purified enzyme were mixed with 50 mM
HEPES buffer, pH 8.0 and incubated for 15 min at each tempe-
rature. Enzyme activity was then monitored at 30°C, as described.

Inhibitor studies

The effects of various agents [1,10-phenanthroline, EDTA, ethy-
lene glycol tetraacetic acid (EGTA), cysteine, citrate, imidazole
and imino-diacetic acid (IDA)] on LAP activity were studied. LAP
was preincubated with individual inhibitors (final inhibitor con-
centrations were 2 mM) for 15 min at 30°C prior to the addition of
LpNA (final substrate concentrations were 1 mM). All reactions
were terminated after 30 min by adding 0.1 ml acetic acid (30%).
Substrate hydrolysis was monitored at 410 nm.

Effect of divalent metal cations

ZnSO,, MgS0O,, MnCl,, Cd(CH;COO),, HgCl,, CuCl, and CoCl,
were used as the sources of divalent metal cations. LAP was pre-
incubated with different salts (final salt concentrations were 2
mM) for 15 min at 30°C prior to the addition of LpNA (final sub-
strate concentrations were 1 mM). All reactions were terminated
after 30 min by adding 0.1 ml acetic acid (30%). Substrate hydro-
lysis was monitored at 410 nm.

Statistical analysis

Each data point concerning activity measurements represents the
mean of three independent assays. The data in Tables 2-3 and in
Figs. 5-7 are presented as the mean + standard error of the mean
(SEM). The data on these figures are presented as percentages,
taking the control value as 100%.

RESULTS AND DISCUSSION

Activity staining of tuber LAP from red and white
potato cultivars

LAP activity from the tubers of seven white and red potato
cultivars (‘Desiree’, ‘Virgo’, ‘Cleopatra’, ‘Agria’, ‘Kondor’,
‘Kennebec’ and ‘Aladin’) was examined using zymogram
analysis after native PAGE employing LpNA as a substrate
(Fig. 1). In total, three isoforms were detected. However,
the three isoforms were not detected in all the cultivars
tested. Two isoforms were detected in the samples from the
red cultivar ‘Desiree’ (low and middle mobility) (Fig. 1,
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1 2 3 4 5 6 1/

Fig. 1 Zymogram analysis of LAP isoforms from different potato cul-
tivars (after native PAGE). Lane 1: ‘Desiree’. Lane 2: “Virgo’. Lane 3:
‘Cleopatra’. Lane 4: ‘Agria’. Lane 5: ‘Kondor’. Lane 6: ‘Kennebec’. Lane

7: ‘Aladin’.

Fig. 2 Zymogram analysis of LAP iso-
forms from white potato cultivar Agria
(after native PAGE) employing four
different substrates. Lane 1: alanine-p-
nitroanilide. Lane 2: lysine-p-nitroanilide.
Lane 3: leucine-p-nitroanilide. Lane 4:
methionine-p-nitroanilide.

lane 1) and the white cultivar ‘Agria’ (high and middle
mobility) (Fig. 1, lane 4). Other cultivars had one isoform
(middle mobility). Since this isoform was detected in all
cultivars it was termed as major and was chosen for purifi-
cation and characterization.

Isoforms may arise via post-translational modifications
(for example; differential glycosylation) or via the existence
of multigene families. Multiple isoforms can provide in-
creased capability for organism to respond on different phy-
siological conditions or environmental demands (Wagner et
al. 2002; Bozi¢ et al. 2008).

Activity staining of LAP isoforms using different
ApNAs

LAP substrate specificity from the tuber of the white potato
cultivar Agria was examined using zymogram analysis after
native PAGE employing ApNA, KpNA, LpNA and MpNA
as substrates (Fig. 2). The visualized bands were the result
of identical reaction conditions for all four substrates. Ana-
lysis of bands demonstrates the specificity in substrate
choice between the isoforms. Potato tuber leucyl aminopep-
tidase was not strictly specific to LpNA hydrolysis, al-
though both isoforms against this substrate were visible in
the zymogram resolved by native PAGE (Fig. 2, lane 3).
MpNA was also an efficient substrate, giving two less
intense isoforms of leucyl aminopeptidase in comparison to
LpNA (Fig. 2, lane 4). ApNA was most efficient substrate
for major LAP activity (higher mobility isoform) (Fig. 2,
lane 1). Although KpNA was not expected to be an efficient
substrate for leucyl aminopeptidases because these enzymes
have a higher affinity for nonpolar amino acids, a single
band of enzyme activity corresponding to major LAP acti-
vity was obtained (Fig. 2, lane 2).

Purification of the major LAP

The isolation and purification of the major LAP from two
potato cultivars, white and red, was monitored by the ability
of LAP to hydrolyse the substrate LpNA. The purification
procedure consisted of several chromatography steps and
one preparative electrophoresis. The results of the purifica-
tion of white potato cultivar ‘Agria’ are summarized in
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Table 1 Purification of major potato tuber leucyl aminopeptidase activity.

Purification stage Total protein (mg) Total activity (U) Specific activity (U/mg) Purification (-fold) Yield (%)
Crude extract 5285.0 35.18 6.7 %107 1 100
Phenyl Sepharose FF 1302.0 13.31 10.2 x 103 1.5 37.8
DEAE Sepharose FF 82.0 2.90 354107 5.3 8.2
FPLC Superose 12 2.4 0.98 408.3 x 107 60.9 2.8
Native PAGE eluate 0.7 0.75 1071.4 x 107 159.9 2.1
- Fig. 4 Isoelectric focusing of
865 major potato tuber LAP. Lane 1:
_974 845 Commassie Brilliant Blue staining.
pr— — g5 Lane2:In-gel activity staining.
Lane pl: positions of standard
—67.0 proteins p/ values. Broad p/ kit (GE
N | — __ 735 Healthcare) was used as p/ markers.
The arrow indicates positions of the
. “ _ 130 __ .85 Dbandreferred to LAP.
~30.0 — o»
S — 585
- 20 -
— —14.4 o
1 2 3 4 5 kDa ]55
Fig. 3 Purification of major potato tuber LAP (SDS-PAGE profiles). o
Lane 1: crude potato tuber extract. Lane 2: proteins after Phenyl Sepha-
rose FF. Lane 3: proteins after DEAE Sepharose FF. Lane 4: proteins after
FPLC Supharose 12. Lane 5: purified LAP obtained after native PAGE gel
extraction. Lane kDa: positions of standard proteins molecular masses. 100 4 hd
LMW-SDS marker kit (GE Healthcare) was used as molecular mass stan- / \\\
dards. The arrow indicates positions of the band referred to LAP. \\? 20 7 %
< 1 2 5\
2 Ve \
Table 1 and Fig. 3. The result of purification of red potato 'S 604 \
cultivar ‘Desiree’ was not shown since it was practically the B / i
same as for white cultivar. LAP was purified 160-fold with < P \
a yield of 2.1% and was homogenous according to SDS- L 40+ / \é
PAGE (Fig. 3, lane 5). = Pl
_r T 204 N \
Characteristics of the LAP [ /' \
The molecular mass of the enzymes from both potato cul- 0+ : . : : . : . .
tivars was calculated from the plot of /og molecular mass 4 5 6 7 8 9 10 11
versus Rm using standard proteins as markers after SDS-
PAGE. The apparent molecular mass of both enzymes was pH

calculated to be 48 kDa (Fig. 3, lane 5). Purified LAPs re-
chromatographed on the Superose 12-FPLC column yielded
a single peak of activity corresponding to 90 kDa (results
not shown). Aminopeptidases are represented by an extraor-
dinarily broad spectrum of enzymes. They exhibit molecu-
lar weights ranging from 53—140 kDa per subunits and exist
as monomers, hexamers and octamers (Taylor 1993). In
terms of molecular masses, according to SDS-PAGE, the
major potato tuber LAP bears resemblance to LAP-N (Tu et
al. 2003), LAP-A from tomato (Gu and Walling 2000), and
LAP expressed in E. coli (Herbers et al. 1994).

The p/ for major LAP from both potato cultivars was
determined after isoelectric focusing from the plot of pH
gradient versus mobility of standard proteins in relation to
anode. The p/ for both major LAP was calculated to be 5.45
(Fig. 4). A single band in IEF confirmed the homogeneity
of the major LAP. Acidic p/ was also found for kidney bean
LAP (Mikkonen 1992) and for tomato LAP-A (Matsui et al.
2000).

LAP reaction kinetics using LpNA was according to
Michaelis-Menten principles. The values obtained for the
white potato cultivar LAP were V., 31.56 mM/min and
Ky, 48 uM, while Vi, /Ky ratio were the same for both
LAPs purified.

Optimum LAP activity using LpNA as a substrate was
observed between pH 8.0 and 9.5. Maximum LAP activity
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Fig. 5 The effect of pH on the activity of potato tuber LAP. Buffers
used: m — acetate; ® — Tris HCIl and A— phosphate. Each data point repre-
sents the mean of three independent assays (the standard errors were less
than 5% of the means).

was observed at pH 9.0+0.4 (Fig. 5). No enzymatic activity
was detected in buffers with a pH below pH 4.5 or above
11.0. This alkaline pH optimum was similar to the pH op-
tima of LAPs isolated from the different plant species (Mik-
konen 1992; Herbers et al. 1994; Ogiwara et al. 2005).

The temperature optimum of LAP was determined from
2 to 60°C, monitoring the hydrolysis of LpNA. LAP had
distinct maximal activity at 40°C (Fig. 6). In relation to the
maximum, the enzyme was 45+£2% active at 30°C. The
thermal stability of LAP was determined at 30, 40, 50, 60
and 70°C. Heat inactivation of the enzyme started at 50°C
(Fig. 7). LAP retained 20+1% of its activity after heating on
60°C and subsequent renaturation. The temperature, which
inactivated to half the original rate, was 55°C. The tempera-
ture optimum of LAP from S. tuberosum expressed in E.
coli (65°C) (Herbers ef al. 1994) and LAPs from other spe-
cies [70°C for Arabidopsis thaliana (Bartling and Weiler
1992) and 60°C for tomatoes (Gu et al. 1999)] were higher
compare to potato tuber LAP (40°C).

We found that the most efficient inhibitor of LAP acti-
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Fig. 6 The influence of temperature on the activity of potato tuber
LAP. Each data point represents the mean of three independent assays (the
standard errors were less than 5% of the means).
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Fig. 7 Thermal stability of potato tuber LAP. Each data point represents
the mean of three independent assays (the standard errors were less than
5% of the means).

Table 2 The effect of different compounds on potato tuber leucyl amino-
peptidase activity. LoNA was used a substrate. Values represent the mean
+ standard error value.

Table 3 The effect of metal divalent cations on potato tuber leucyl amino-
peptidase activity. LpNA was used a substrate. Values represent the mean

+ standard error value.

Compound Final concentration Residual activity (%)
EGTA 2 107.5+0.1
Imidazole 2 100.0+0.1
EDTA 2 100.0 0.1
Citrate 2 96.8 £ 1.1
IDA 2 959+0.5
Cysteine 2 80.4+1.8
1,10-phenanthroline 2 26.7+0.5

vity was 1,10-phenanthroline (Table 2), which inhibited en-
zyme activity by over 70%. Cysteine inhibited LAP activity
by 20%. However, EGTA was a weak activator, activating
LAP activity by 7%. Unlike LAP expressed in E. coli (Her-
bers et al. 1994), but common with some of the LAPs iso-
lated from plants, the purified major potato tuber LAP was
insensitive to inhibition by EDTA (Kolehmainen and Mi-
kola 1971; Ogiwara et al. 2005). It was also insensitive to

imidazole and the metal chelators citrate and IDA. However,

EGTA activated LAP, similarly like it activated one insect
cytosol LAP (Bozi¢ et al. 2008). Evidence that the major
LAP is a metallopeptidase was provided by inhibition of its
activity after incubation with the chelating agent, 1,10-phe-
nanthroline. 1,10-phenanthroline (2 mM) was also a strong
inhibitor of A. thaliana LAP activity (Bartling and Weiler
1992) and of barley leaves LAP activity (Desimone et al.

Compound Final concentration Residual activity (%)
MgCl, 6H,O 2 70.4+1.8

CoCl, 6 H,O 2 244+04

Cd(OAc), 2H,0 2 20.8+0.3
MnCl,4H,0 2 20.1+0.3

ZnS0O, TH,O 2 17.0+0.3
CuS0O45H,0 2 14.0+0.0

HgCl, 2 52+0.1

2000).

The presence of cations (Co®", Cd*', Cu*", Hg*", Zn*",
Mg*" and Mn*") was inhibitory to LAP activity (Table 32
LAP activity was almost completely inhibited by 2 mM Hg
Other cations, with exception of Mg, were also sfrong in-
hibitors of LAP activity. High concentrations of Zn*" (in the
mM range) often inhibit metallopeptidases due to the forma-
tion of zinc monohydroxide that bridges the catalytic Zn**
ion to a side chain in the active site of the enzyme (Salvesen
and Nagase 1994).

While many mammalian and microbial LAPs have
evolved ancillary functions that supplement their role as
peptidases, there is evidence for plant LAPs exhibiting sec-
ondary activities (Matsui et al. 2006), such as their role in
defense. The surprising diversity of plant LAP functions
and their impacts on cellular and physiological activities
makes these enzymes particularly interesting for further in-
vestigations.
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