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Soil leucine aminopeptidase (LAP) is a hydrolytic enzyme involved in the acquisition of nitrogen by microorganisms. In
contaminated soils, LAP activity is affected not only by the type and concentration of heavy metals but also by the form of
enzyme. Here, we investigated the degree and mechanism of cadmium (Cd) inhibition of soil LAP and purified LAP. We also
examined the effect of montmorillonite and kaolinite on LAP and LAP contaminated with Cd. The results showed that Cd
inhibition of LAP activity increased with increasing Cd concentration and that Cd exerted noncompetitive inhibition of LAP.
The addition of clay minerals decreases LAP activity and the maximum reaction rate (V.. ), regardless of the presence of Cd.
Montmorillonite decreases the affinity of LAP to the substrate (K,,), while kaolinite increases the affinity of LAP to the
substrate. The clay mineral-immobilized LAP showed an increase in resistance to Cd contamination compared with the free
LAP. The results obtained in this study may aid in understanding the toxic effects of heavy metals on soil enzymes.

1. Introduction

Cadmium (Cd) has become one of the most hazardous
heavy metals in soil as a result of its potential, persistent,
and irreversible toxicity [1-3]. When Cd enters soil, it affects
the environmental health of the soil and the stability of
ecosystem, particularly soil microorganisms [4, 5]. Soil
microorganisms are the most active and sensitive compo-
nent of the soil ecosystem and can secrete most soil extracel-
lular enzymes associated with the soil nutrient cycle [6, 7].
Since soil enzyme activity is closely related to soil microor-
ganisms and is sensitive to changes in environmental condi-
tions, soil enzyme activity is often used as an indicator to
evaluate the level to which heavy metals influence soil
microbial function and soil ecosystem health [8-12].
According to previous studies, the soil enzyme activity
exponentially decreases with increasing heavy metal concen-
trations by displacing enzyme conformation-related metals
and occupying the active center of the enzyme or by binding
to sulthydryl, amino, and carboxyl groups in the enzyme
structure to reduce the active site of the enzyme [13-16].

However, the extent of soil enzyme activity in response to
heavy metals is related not only to the type and concentra-
tion of heavy metals but also to the type of soil enzyme
and soil properties, such as clay mineral content [17, 18].
Clay minerals form enzyme complexes whose molecular
structure and catalytic properties differ from those of free
enzymes, thus affecting the contact of enzymes with heavy
metals and substrates [19-21]. At the same time, heavy
metals can interact with clay mineral surfaces and compete
with enzymes to form heavy metal-enzyme-clay mineral
complexes [22, 23]. Therefore, free enzymes, soil enzymes,
and enzymes immobilized by clay minerals have different
response to heavy metal pollution.

Leucine aminopeptidase (LAP, Enzyme Commission
number: 3.4.11.1) catalyzes the hydrolysis of leucine and
other hydrophobic amino acids at the N-terminus of poly-
peptides. It is one kind of enzyme involved in the microbial
acquisition of N in soil [6]. Cd acts as an enzyme inhibitor
by replacing the metal associated with the active center of
phosphatase [24, 25]. Additionally, soil properties (e.g.,
organic C, total N, pH, soil particle size, and clay contents)
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Ficurek 1: Effect of Cd on the inhibition rate and kinetic constants of LAP: (a) inhibition rate of soil LAP and purified LAP by different
concentrations of Cd; (b) kinetic curve of purified enzyme affected by Cd; (c) kinetic curve of LAP in red soil affected by Cd; (d) kinetic

curve of LAP in purple soil affected by Cd.

can influence the toxicity of heavy metals in soil on soil
enzymes [26]. On this basis, we anticipated that the inhibi-
tion of LAP by Cd may be due to the displacement of
enzyme conformation-related metals and occupation of the
active center of the enzyme; thus, the interaction of clay
minerals with LAP might contribute to different Cd toxicity
on free LAP, soil LAP, and immobilized LAP. It has been
demonstrated that Cd shows exponential or logarithmic
inhibition of other hydrolytic enzymes, such as phosphatase
and B-glucosidase [27, 28]. However, the toxicity of Cd to
LAP is poorly researched in existing studies, and there is
barely any information available on the effects of the interac-
tion between clay minerals and LAP on Cd toxicity.

Consequently, we investigated the effect of Cd toxicity
on the degree of LAP exposure (free LAP, LAP in soil, and
LAP immobilized by clay minerals). A preliminary attempt
was also made to investigate the reasons of cadmium toxicity
to LAP (with reference to the toxicity of other heavy metals
to LAP and experiments on the recovery of activity of Cd-
LAP in the presence of Mg and Mn addition) in an attempt
to reach the following conclusions: (1) the difference
response between free LAP, soil LAP, and clay mineral-
immobilized LAP on Cd toxicity and (2) the mechanism of
LAP inhibition by Cd.

Our work is a preliminary investigation into the mecha-
nisms of Cd contamination on LAP (soil LAP and purified
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TasLE 1: Changes in the kinetic constants (V.. and K,,) of LAP by different concentrations of Cd.
Purified enzyme Red soil Purple soil
OumolL'  4umolL”"  10pmolL™"  OumolL"'  4umolL"  10gmolL”'  OumolL"'  4umolL"'  10umolL"
Vix  64.88% 50.58" 41.06¢ 327.56" 194.93%' 15941 2167.45%"  2054.84%"  1558.41%"
K, 30.43° 34.65° 49.05° 55.73% 36.22% 38.72% 48.81"" 4327 30.69*"
R? 0.96 0.97 0.97 0.97 0.99 0.97 0.97 0.99 0.97

Different capital letters indicate significant differences in V.
v

max

LAP) and the role that clay minerals play in this process. This
provides a theoretical basis for restoring the activity and
function of LAP in Cd-contaminated soils, as well as provid-
ing some assistance in restoring nitrogen use efficiency and
accelerating nitrogen cycling in contaminated soils.

2. Material and Methods

2.1. Purified Enzyme and Soils. The purified enzyme was
purchased from Sigma-Aldrich (product number: L5006,
Type IV-S, stored as ammonium sulfate suspension at 4°C)
and volumed with 2.5mol L' (NH,),SO, to 5mL to make
an enzyme stock solution. The enzyme stock solution was
stored at 4°C. To make activated enzyme, the enzyme stock
solution was diluted with 50mmolL"' pH 8 THAM and
activated at 37°C for 2 hours before use.

The soils used in this study are red soil and purple soil,
which were collected from the Ecological Experimental Sta-
tion of Red Soil in Jiangxi, China (28'15'N, 116’55'E) and
Yanting Station of Chinese Ecosystem Research Network
(CERN) in Sichuan, China (31'16'N, 10527 E), respectively.
Soil samples were sieved (<2mm) and stored at 4°C until
enzyme assay.

Soil pH, particle size, organic C, and total N were deter-
mined using air-dried soils. The pH was determined using a
1:2.5 ratio between the mass of the soil sample and the
volume of deionized water. Soil samples were pretreated
with 30% H,O, and 10% HCI to remove organic matter
and carbonates, and 0.05molL" sodium hexametapho-
sphate was added to disperse the soil aggregates for particle
size distribution analysis by Malvern MS 2000 (Malvern
Instruments, Malvern, England). The organic C and total
N of the soil were determined by using 0.5mol L™ HCI to
remove carbonates and then analyzed by an element ana-
lyzer (Elementar vario MACRO cube, Germany) (Table S1).

2.2. Clay Mineral and Immobilized LAP. Montmorillonite
((ALMg),[51,0,,] (OH),.nH,0) and kaolinite (Al,[Si,O,,]
(OH),) were purchased from Aladdin (product numbers
M141491 and K100134, respectively) (Table S2). The
surface morphology of clay minerals was analyzed by
scanning electron microscopy (SEM) (Thermo Prisma E,
Finland) at 20kV and at a magnification of 3500x
(Figure S1). The particle size distribution was determined
by a Malvern ZEN 3600 (Malvern Instruments, Malvern,
England). The specific surface area (SSA) of clay minerals
was analyzed by the N, adsorption method [29, 30].

(P <0.05), and different lowercase letters indicate significant differences in K,,, (P < 0.05), with
in nmol pg ' h™" in purified enzyme and nmol g h™" in soil enzyme and K, in pgmol L', Tables 24 are the same.

Clay mineral colloid solution (0.5 mgmL™") was prepared
by adding 25mg montmorillonite or kaolinite to 50 mL
50 mmol L' pH 8 THAM into a 150 mL beaker and perform-
ing ultrasonication for 5 minutes. The activated enzyme was
diluted 2500 times using THAM to prepare the LAP working
solution. To prepare clay mineral-immobilized LAP, 20 mL
of montmorillonite or kaolinite colloids was added to
20 mL of the LAP working solution. The suspension was stir-
red for 30 minutes at 250 rmin™' at 25°C before centrifuga-
tion at 8000 rmin™' for 5 minutes. The residue was washed
with 40 mL deionized (DI) water and centrifuged twice to
remove the unabsorbed LAP. Finally, the residue was resus-
pended in 40 mL of 50 mmol L' pH 8 THAM buffer. The
clay mineral-immobilized LAP was mixed thoroughly before
being added to a 96-well plate.

2.3. Experimental Design

2.3.1. Enzyme Assay. L-leucine-7-amido-4-methylcoumarin
(L-leucine-AMC) and 7-amino-4-methyl-coumarin (AMC)
were purchased from Aladdin and used as the substrate
and the standard for LAP in microplate fluorimetric assays,
respectively.

The soil LAP activity was determined as previously
described [31, 32]. Briefly, a soil homogenate was prepared
by stirring 0.5 g fresh soil and 120 mL DI water at 600 rpm
for 30 minutes. Then, the homogenate was placed into the
assay well (including 50 uL. THAM buffer, 100 uL homoge-
nate, and 50 yL L-leucine-AMC) and quenched well (includ-
ing 50uL. THAM buffer, 100 uL homogenate, and 50 uL
AMC). DI water was used in place of homogenate in a stan-
dard well (including 50 uL. THAM buffer, 100 uL DI water,
and 50uL AMC) and substrate control well (including
50 uL. THAM buffer, 100 uL DI water, and 50 yL L-leucine-
AMC). THAM, AMC, and L-leucine-AMC were then added
sequentially according to the type of well. The THAM con-
centration in all wells was 20 mmol L™, and the L-leucine-
AMC was 200 ymol L. The concentration of AMC was
10 umol L' before being added. The mixture in 96-well
plates was incubated for 1h at 37°C before being read by a
fluorometer (Thermo Varioskan™ LUX, Finland) with
365 nm excitation and a 450 nm emission filter immediately.

For the purified enzyme and immobilized enzyme, the
soil homogenate in the above method was replaced with
the LAP working solution and clay mineral-immobilized
enzyme LAP, respectively. The purified enzyme was incu-
bated and measured under the same conditions as the soil.
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FiGurek 2: Kinetic profiles of purified enzyme, red soil LAP, and purple soil LAP affected by 0, 4, and 10 ymol Cd, Ag, and Hg, respectively.

2.3.2. Effect of Clay Minerals on LAP. For soil LAP, the effect ~ kaolinite per gram fresh soil). Clay minerals are added by
of clay mineral addition on Cd toxicity was investigated in ~ mixing the corresponding quality and type of clay minerals
the natural state (0 mg clay mineral addition), low concen-  with red and purple soil to produce homogenate.

tration (50 mg montmorillonite or kaolinite per gram fresh For the purified enzyme experiment, the following levels
soil), and high concentration (100 mg montmorillonite or  of binding of clay minerals to enzymes were set to investigate
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FIGURE 3: Proportion of change in the activity of Cd-contaminated LAP after the addition of Mg and Mn as restorative activators of LAP.
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FIGURE 4: Effect of adding different amounts of montmorillonite and kaolinite on LAP activity in purified LAP, LAP in red soil, and LAP in
purple soil.

the effect of clay minerals on Cd: (1) free enzyme: no clay 50, 100, 200, 500, and 1000 ymol L' to quantify the toxicity
minerals added; (2) adsorbed enzyme: clay minerals added  of Cd on LAP.
during incubation to make the LAP working solution con- Changes in kinetic constants (V. and K,,) of soil LAP
taining final concentrations of 0.5mgL™" and 1mgL" clay  and purified LAP were compared at final Cd concentrations
minerals, respectively; and (3) immobilized enzyme: clay  of 0, 4, and 10 umol L™ to infer the type of inhibition of LAP
mineral-immobilized LAP was made in advance. by Cd. The enzyme activities of soil LAP and purified LAP
were determined at different concentrations of substrate
2.3.3. Cd Toxicity on LAP. To determine the Cd toxicity to  (final concentrations of 0, 10, 20, 40, 100, 200, 300, and
LAP, after adding homogenate or LAP work solution to 400 ymol L™, respectively), and V.. and K,, were calcu-
96-well plates, 50 L of different concentrations of Cd solu-  lated using the Michaelis-Menten equation.
tion (CdCl,) was added and contaminated LAP for 30 In order to have a more insightful understanding of the
minutes at 25°C. inhibitory effect of Cd on LAP, we chose argentum (Ag)
Inhibition of LAP by Cd was calculated for soil LAP and  and hydrargyrum (Hg), which are both inhibitory metals
purified LAP activity at final Cd concentrations of 0, 10, 20,  to hydrolase like Cd, as a reference to observe the inhibitory
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and LAP in purple soil.

effect and type of LAP inhibition by different inhibitory
metals. We also chose cobalt (Co) and boron (B), which
are accelerators of hydrolase, and magnesium (Mg) and
manganese (Mn), metals that can occupy and substitute
metal ions at two exchangeable sites in LAP to affect K,,,

to observe the effect of different metals on LAP activity
under the same conditions [33-38].

Additionally, the recovery of Cd-contaminated LAP
activity by the addition of Mg and Mn was used to infer
the mechanism of Cd inhibition of LAP [37]. In the recovery
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TaBLE 2: Changes in the kinetic constants (V.. and K,,,) of LAP by montmorillonite and kaolinite.
Purified LAP Red soil Purple soil
PE PE+M PE+K RS RS+M RS+K PS PS+M PS+K
V ax 104.05* 97.734 119.14 257.18% 253.65% 23526 3312.61%" 2898.442" 3226.65"
K, 26.42% 34.34° 31.74% 36.92%' 72.02%' 35.09*' 38.13"" 40.44*" 36.79*"
R? 0.99 0.99 0.97 0.99 0.96 0.99 0.99 0.98 0.99

PE means purified enzyme (LAP), RS means red soil, PS means purple soil, and +M or +K means adding montmorillonite or kaolinite.

experiment, after measuring the LAP activity inhibited by
Cd, Mg and Mn solutions at a final concentration of
4 umol L' were added to observe the change in LAP activity.

2.4. Data Analysis

2.4.1. Enzyme Activity. Soil LAP activity was expressed in
units of nmol AMC-g"*h"! and calculated by the following
equations which were modified from Deforest [31] and
Wang et al. [32]:

Activity (nmol AMC xg™' xh™")
_ Net fluorescence x V(mL)
~ Emission coefficient x v(mL) x T'(h) x DM(g)

(1)

where Net fluorescence is the actual fluorescence value of
AMC produced by the enzymatic reaction of LAP in soil,
which can be calculated by equation (2); V is the total
volume of homogenate, 120mL for this experiment; the
Emission coefficient indicates the fluorescence value per unit
AMC (nmol), which can be calculated by equation (4); v is
the volume of homogenate in a single incubation well,
0.1 mL for this experiment; T is incubation time, 1 h for pur-
ple soil and purified LAP, 3 h for red soil; DM is the dry soil
mass corresponding to 0.5 g of fresh soil.

f sample assay

Net fluorescence = . -
Quench coefficient

f substrate control® (2)

where f is the fluorescence value measured by the
marked well; the Quench coefficient indicates the effect
of soil on the fluorescence values of AMC, which can
be calculated by

Quench coefficient = J quench , (3)

standard

f standard
0.5 nmol

(4)

Emission coefficient (fluorescence nmol’l) =

Purified LAP activity was expressed in units of nmol
AMCug'hh:

Activity (nmol AMC x g™ xh™")
Net fluorescence

~ Emission coefficient x T(h) x enzyme(ug)’ (5)

Net fluorescence

= f sampleassay f substrate control *

2.4.2. Inhibition Ratio and Type of Inhibition. Variation
of the maximum rate of reaction (V,,,,) and the Michaelis
constant (K,,) could deduce the type of inhibition of enzy-
matic reactions by inhibitors [35].

To better describe and compare the inhibition of LAP by
different inhibitors (Cd, clay minerals, and other ion), the
inhibition ratio was expressed by following equations from
Acosta-Martinez [39]:

(ACtiVithontml - ACtiVithreatment)
ACthchontrol %.

Inhibition ratio(%) =

x 100
(6)

The type of inhibition of LAP by the inhibitor can be
known from the change in kinetic constants K,, and V.,
which can be calculated according to the Michaelis-Menten
equation (7) and the Lineweaver-Burk double-reciprocal
equation (8) [40, 41]:

_ Vmax [S]
v= (7)
K, +[S]
where v is the initial reaction rate at the substrate concentra-
tion [S]; V. is the maximum rate of reaction and K, is the
Michaelis constant.

[_;ﬁvl . (8)

==

Km
Vmax max

2.4.3. Statistical Analysis. Differences between treatments
were analyzed by one-way ANOVA following the Bonfer-
roni post hoc test in SPSS Statistics 24 (IBM SPSS, Somers,
NY, USA). Values of P < 0.05 were considered to be signifi-
cant. Data are expressed as mean + standard error (number
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of replicates n > 3), with different letters indicating significant
differences. The dependences of enzyme activity with sub-
strate concentration were represented with the Michaelis-
Menten equations. The fitting and calculation of kinetic con-
stants were performed using a nonlinear fitting equation
(Growth/Sigmoidal Hill) in OriginPro 9.1 (OriginLab Corp.,
Northampton, MA, USA).

3. Results and Discussion

3.1. Effect of Cd and Other Ions on LAP. Cadmium inhibited
both soil LAP and purified LAP. The inhibition ratio of Cd
on LAP increased sharply with increasing Cd concentration
in the range of 0-200umolL", and the inhibition ratio
showed a logarithmic increase (Figure 1(a)). This is consis-
tent with the findings that Cd is a strong inhibitor of LAP
in both biochemical and soil studies [27, 41, 42]. When con-
taminated with low concentrations of Cd (Cd concentration
less than 10 umol L"), LAP in red soil was more sensitive to
Cd than that in purple soil, while LAP in both soils
responded equally to Cd contamination when Cd was
greater than 10 ymol L! (Figures 1(a), 1(c), and 1(d)). This
indicates that the pH of soil may influence Cd toxicity when
the Cd concentration is less than 10 umolL™". At low Cd
concentrations, the effective Cd concentration in the soil also
depends on the concentration of Cd being adsorbed. When
soil pH is low, soil components such as clay minerals and
organic matter are less able to sorb Cd and are less likely
to produce Cd(OH), precipitation, so more Cd*" is free in
the soil solution; therefore, Cd toxicity is likely to be greater
[43, 44]. In contrast, at higher Cd concentrations, soil prop-
erties, including pH (Table S1), did not affect Cd toxicity to
soil LAP. The weaker inhibition of Cd on soil LAP than on

purified LAP may be due to the adsorption of Cd by
sorbent substances in soil homogenate, resulting in a lower
effective concentration of Cd [45, 46]. Another explanation
may be that certain components of the soil form a
protective effect on LAP, resulting in a reduction in the
toxicity of Cd to LAP [47].

Enzyme kinetic analysis indicated that Cd may be a non-
competitive inhibitor of both purified LAP and soil LAP
(Figures 1(b)-1(d)). After the addition of 4 and 10 ymol L!
of Cd, V,, for the enzymatic reaction of soil LAP and puri-
fied LAP decreased, while no significant difference was
observed in K,, (Table 1). This indicates that the addition
of Cd only reduced the effective amount of the enzyme with-
out reducing the affinity between the enzyme and the sub-
strate. It can be inferred that Cd disrupts the conformation
on LAP and thus renders some LAP inactive [26, 27].

The inhibitory effect of Cd on LAP activity was compa-
rable Ag and Hg but stronger than that of Co, B, Mg, and
Mn (Figures S2-S4). Generally, the effect of Ag on soil
LAP and purified LAP was similar to that of Cd. Soil LAP
and purified LAP activities were strongly inhibited by Ag.
The inhibitory effect of Hg on LAP at the same
concentration was slightly greater than that of Cd.
Accelerator metal Co promoted soil LAP and purified LAP
activities at low concentrations and inhibited them at high
concentrations. The inflection points for purified LAP and
LAP in red soil were 250 and 200 yumol L', respectively. B,
Mg, and Mn had little effect on LAP activities. The
purified enzyme responded most strongly to their
inhibition, relative to the two soil LAP contaminated by
Cd; Ag and Hg had a noncompetitive inhibition on both
LAP in purple soil and purified LAP (Figure 2, Tables S3-
S5). Nevertheless, we also observed competitive inhibition



10

80
. 70 — )
7 ] ®
= 60 —|
bo _ o
T 50 el
S _|
R % S
= 40 — o7
2 1 » P
£ 30 4 ®.--
S 1 Save . 0. ®
Z 20 — # s
: M1 2 ¥
A 10 —
< i
—

00—

-10 T T T T T T
0 100 200 300 400

Substrate concentration (umol L-1)

@ Purified enzyme
@ PE+montmorillonite
@ PE+kaolinite

(a) Purified enzyme

LAP activity (nmol AMC g-1h-1)

Adsorption Science & Technology

250
200 —|
| ® ®
150 — Q@ .-
J Q.- | :
o I
100 — ,'t,»_.__-_-----
50 — r
0 1 v
&
L B B S B —
0 100 200 300 400
Substrate concentration (umol L-1)
@ Red soil

@ RS+montmorillonite
@ RS+kaolinite
(b) Red soil

3000
2500 —|
e 7 ® o
ko 2000 — N
: o
= 1500 , N
g ";‘
a — ’
£ 1000 —| ,,'
£
I
2 50—
’_J '
0— @
- L
0 100 200 300 400

Substrate concentration (umol L-1)

@ Purple soil
@ RS+montmorillonite
@ RS+kaolinite

(c) Purple soil

FiGure 7: Effect of montmorillonite and kaolinite on the kinetic curves of purified LAP, LAP in red soil, and LAP in purple soil in the

presence of 10 yumol L' Cd.

of Hg on LAP in the red soil, indicating that other isozyme
may exist in the red soil compared with the purified LAP
and LAP in the purple soil.

The addition of Mg and Mn, which are metals in the
active site of LAP [5, 6], cannot restore the activity of puri-
fied LAP contaminated by Cd, and the addition of Mg and
Mn only slightly changed the activity of LAP in red soil
and purple soil (Figure 3). This suggests that Mg and Mn

cannot effectively restore the activity of LAP by competing
with Cd for the divalent metal sites on LAP.

3.2. Effect of Clay Minerals on LAP. Clay minerals showed
different effects on LAP activity (Figure 4). The addition of
clay minerals does not significantly affect the activity of puri-
fied LAP (Figure 4(a)). In the soil system (Figures 4(b) and
4(c)), the addition of montmorillonite significantly reduced
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TaBLE 3: Changes in the kinetic constants (V.. and K,,) of LAP by montmorillonite and kaolinite with 10 umol L™ Cd contamination.

Purified enzyme Red soil Purple soil
PE PE+M PE+K RS RS+M RS+K PS PS+M PS+K
V oax 69.11¢ 48.59" 27.63% 179.00% 124.42% 127374 2273.60%" 1964.324" 1988.37%"
K, 93.22" 152.1° 63.5% 46.18" 55.91¢' 31.23% 36.74%" 34.13"" 33.68""
R 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.99

PE means purified enzyme (LAP), RS means red soil, PS means purple soil, and +M or +K means adding montmorillonite or kaolinite.

the LAP activity in red soil and purple soil (P < 0.05). The
greater the amount of montmorillonite added, the lower
the enzyme activity. When the amount of montmorillonite
was 50 and 100mgg ™" soil, the inhibition rate of LAP in
red soil was 30.96% and 36.42% and was 10.77% and
22.78% in purple soil. The addition of kaolinite had no sig-
nificant effect on LAP activity. The different effects of the
two clay minerals may be attributed to the fact that mont-
morillonite in the 2: 1 layer has a higher specific surface area
and adsorption capacity than kaolinite in the 1:1 layer-type
structure (Figure SI and Table S2). Thus, montmorillonite
can mask some of the active sites by adsorption on LAP,
resulting in a decrease in LAP activity [22].

Different lowercase letters a and b indicate significant
differences in LAP activities caused by montmorillonite,
and a’ and b’ indicate kaolinite.

Figure 5 shows the effect of adding clay minerals on the
kinetics of soil LAP and purified LAP. The addition of low
concentrations of montmorillonite and kaolinite (0.5 mgL™"
for purified LAP and 50mgg™ soil for soil LAP) resulted
in a decreasing trend in V.. values for both soil LAP and
purified LAP, with only the addition of montmorillonite to
the purple clay producing a significant decrease in V.
(Table 2). When the substrate concentration was relatively
low (concentration less than 200 umolL™), the enzyme
activity decreased significantly after clay mineral addition
(Figure 4), and the addition of both montmorillonite and
kaolinite changed the K,, value of the purified enzyme
(Table 2), indicating that the affinity of LAP and substrates
decreased in the presence of clay minerals. Clay minerals
reduce enzyme activity because the adsorption of the min-
eral to the enzyme changes the conformational structure of
the protein, ultimately altering its catalytic properties and
reducing its activity and V. [48].

Clay minerals still had an effect on LAP activity with Cd
contamination (Figure 6). Adding montmorillonite or kao-
linite will cause a decrease in LAP activity, but there is no
statistically significant difference in this decreasing trend,
and in general, the greater the amount of clay mineral added,
the greater the reduction in enzyme activity [49, 50]. This
suggests that the presence or absence of Cd had no effect
on the ability of the clay minerals to reduce enzyme activity
(Figures 4 and 6). According to Figures 6(a) and 6(d), the
addition of clay minerals had almost no effect on the
enzymatic activity of purified LAP (0umol L™ Cd); in the
presence of Cd contamination with concentrations of
4umol L and 10 umol L', the inhibition rate of Cd on LAP
increases significantly with the addition of clay minerals.

In contrast, the inhibitory effect of Cd on LAP in red and
purple soil did not increase significantly with the addition of
clay minerals. The reason might be that soil enzymes are in
different environments than the purified enzyme. There are
only buffer, substrate, metal solution, and enzyme in the
purified enzyme incubation systems. Thus, this system can
be regarded as a homogeneous liquid wherein the metal ions
and enzyme could diffuse easily. Clay minerals may adsorb
and concentrate the enzyme and Cd ions from the disper-
sion system on their surface, which increases the chance
of Cd-enzyme interaction and the inhibitive effect of Cd
on LAP.

Lowercase letters a and b indicate significant differences
in LAP activities caused by 0 umol L"* Cd, and a’ and b’ or
a" and b" indicate significant differences in LAP activities
caused by 4 and 10 umol L' Cd, respectively.

According to Tables 1 and 2, the addition of clay min-
erals decreased the enzyme activity and V. of LAP, and
the kinetic constants of LAP were affected by both clay min-
erals and Cd. The decrease in V. of the purified enzyme
was mainly caused by Cd, but when Cd and clay minerals
were present together, the clay minerals exacerbated the
inhibitory effect of Cd, and the effect of kaolinite was stron-
ger than that of montmorillonite (Figure 7 and Table 3). K,,,
in purple soil was not affected by the addition of Cd or clay
minerals, but, in both the purified enzyme and in the red
soil, it was concluded that montmorillonite decreased the
affinity of LAP to the substrate and kaolinite increased the
affinity of LAP to the substrate. It can be concluded that
the presence of both Cd and clay minerals in the purified
enzyme system amplifies the inhibitory effect of Cd on
LAP, possibly due to the ability of clay minerals to adsorb
LAP and Cd [51]. The reason for the different results
observed in the two soils is that the type and content of clay
minerals differ between the red and purple soils, and these
differences make a difference in the effect of Cd on LAP con-
tamination [47].

3.3. Effect of Cd on Immobilized LAP. As shown in Figure 8
and Table 4, the montmorillonite-immobilized enzyme
showed a nonsignificant decreasing trend in V. with
increasing Cd concentration under the influence of 0, 4,
and 10 umol L' Cd, while the kaolinite-immobilized enzyme
did not differ significantly under the three concentrations
of Cd contamination. No significant change in K,, was
observed for the enzymes immobilized by the two clay min-
erals. Comparison with the kinetic constants of the purified
LAP (free enzyme) in Figure 1(b) and Table 1 shows that
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FiGure 8: Effect of Cd on the kinetics curves of montmorillonite-immobilized LAP and kaolinite-immobilized LAP.

TaBLE 4: Changes in the kinetic constants (V,
and 10 ymol L' Cd contamination.

max

and K,,,) of montmorillonite-immobilized LAP and kaolinite-immobilized LAP with 0, 4,

Montmorillonite-immobilized enzyme

Kaolinite-immobilized enzyme

0 umol L''Cd 4 umol L''Cd 10 umol L™'Cd 0umol L'Cd 4 umol L''Cd 10 ymol L'Cd
Viax 22.194 18.934 15.73% 20.52% 21.60% 24494
K,, 74.42° 72.44° 88.65° 76.53%' 93.19%' 83.68%'
R 0.98 0.98 0.99 0.99 0.99 0.99

the significant increase in K, of the immobilized enzyme
suggests that the presence of clay minerals reduces the
affinity between the enzyme and the substrate. When the
free LAP was contaminated with 10 umolL™" of Cd, V..
of the free LAP decreased to 63.29% and K,, became
161.19% of that of the uncontaminated enzyme, respec-
tively. In contrast, V. of montmorillonite-immobilized
enzyme and kaolinite-immobilized enzyme changed to
70.89% and 119.35% of those when they were not contami-
nated, respectively, and K, changed to 119.12% and
109.34%, respectively. This indicates that the immobilized
enzymes showed less change in V. and K,, when contam-
inated with Cd, and therefore, the clay mineral-immobilized
LAPs were more resistant to Cd contamination [49, 51-53].

The difference in the immobilized enzyme and free
enzyme can also explain the difference in the response of soil
LAP and purified LAP to Cd contamination. Clay mineral-
immobilized enzymes are more resistant to Cd toxicity than
free enzymes, so the same concentration of Cd inhibits the
clay mineral-immobilized enzyme less than the free enzyme,
which is why the inhibition ratio of soil enzymes under the
same concentration of Cd is lower than that of purified
enzyme. Since soil enzymes are a mixture of free and immo-
bilized enzymes, the sensitivity of soil enzymes to Cd
contamination should be somewhere between free and
immobilized enzymes, and therefore, the inhibition rate of

soil enzymes is usually lower than that of purified enzymes
(free enzymes) when faced with the same concentration of
Cd contamination.

4. Conclusion

The inhibitory effect of Cd on LAP increased logarithmically
with the increasing Cd concentration, and Cd produced
noncompetitive inhibition on both soil LAP and purified
LAP. Cd inhibited the enzymatic reaction by disrupting the
conformation of the enzyme protein, which cannot be
restored by adding the metals associated with the LAP active
site. Regardless of the presence of Cd, the addition of clay
minerals will generally reduce the activity and maximum
reaction rate (V) of LAP, and the effect of montmorillon-
ite is stronger than that of kaolinite. Montmorillonite
decreases the affinity between LAP and the substrate
(increasing K,,), while kaolinite increases the affinity
between LAP and the substrate (decreasing K,,). It should
be noted that clay minerals can increase the inhibition ratio
of Cd on purified LAP. The interaction between leucine ami-
nopeptidase, clay minerals, and cadmium contamination in
the soil is a complicated process that is related not only to
the concentration of the three but also to the soil environ-
ment. Therefore, the process and mechanism by which clay
minerals affect the toxicity of Cd to LAP are still unclear.
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In consequence, it is important to continue to study the
interaction between clay minerals, Cd and LAP, and the
inhibition mechanism of Cd on clay mineral-immobilized
LAP. This can provide scientific evidence for restoring the
activity and function of LAP in Cd-contaminated soils and
to provide some help in restoring nutrient use efficiency
and accelerating nutrient cycling in contaminated soils.
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