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Abstract

Bacillus stearothermophilus leucine aminopeptidase II tagged C-terminally with either tri- or nona-lysine (BsLAPII-Lys3/9) was constructed
and over-expressed in Escherichia coli M15 (pRep4). The recombinant enzymes were purified to homogeneity by nickel-chelate chromatog-
raphy and their molecular masses were determined to be approximately 45 kDa by SDS/PAGE. Surface modification of colloidal gold with
16-mercaptohexadecanoic acid was employed to generate the carboxylated nanoparticles. BsLAPII-Lys9 was efficiently immobilized onto the
carboxylated gold nanoparticles (AuNP-COOH) and the obtained bioconjugate showed excellent biocatalytic activity in the immobilized form.

Additionally, the bioconjugate material exhibited a significant enhancement in temperature stability and could be reused over 5 successive cycles.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

There is growing interest in the use of nanoparticles modi-
ed with biomolecules for the rational design of nanostructured
unctional materials [1–5]. Metallic and semiconductor nanopar-
icles can now be synthesized from a wide range of materials,
howing fascinating properties due to their small dimensions
6,7]. Gold nanoparticles (AuNPs) have attracted much more
ttention in recent years especially because of their biocompat-
bility to a range of biomolecules such as amino acids [8,9],
roteins/enzymes [10–14], and DNA [15,16]. They can provide
n environment that is similar to the nature for enzyme immo-
ilization [17]. However, the grafting of proteins onto metal
anoparticels is especially complicated since the conformation
f a protein is liable to change through nonspecific interactions,
eading to lose its unique biocatalytic activities [18]. Among

ethods that specifically anchor and separate a concerned pro-

ein, recombinant protein synthesis with an affinity ligand at the
- or C-terminal might be a breakthrough to avoid nonspecific
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nteractions. A surface modified by Co2+-nitrilotriacetic acid,
or instance, has been used for the specific binding of histidine-
agged proteins [19]. Ethylene glycol monolayer has also been
eported to considerably suppress the nonspecific adsorption and
he subsequent denaturation of proteins [20,21].

Aminopeptidases are widely distributed exopeptidases that
electively remove the N-terminal amino acid residues from
eptides and proteins. They are shown to be essential for pro-
ein maturation, degradation of nonhormonal and hormonal
eptides, and determination of protein stability [22,23]. With
espect to the relative efficiency on which residues are removed,
eucine aminopeptidase (LAP) removes most effectively Leu
nd other hydrophobic residues from peptide substrates [22].
rom the view point of commercial applications, LAP is use-
ul for improving the bitter off-taste of protein hydrolysates
24] and for biotransforming l-homophenylalanyl amide to
-homophenylalanine, the versatile intermediate for a class
f angiotension I-converting enzyme inhibitors [25]. Ear-
ier, we have cloned and over-expressed the soluble form of
acillus stearothermophilus LAP II (BsLAPII) in recombi-

ant Escherichia coli [26]. BsLAPII consists of two identical
4.5-kDa subunits and shows a marked preference for leucine-
-nitroanilide (Leu-p-NA). The recombinant enzyme is sensitive
o oxidative damage by H2O2, leading to the disassociation of the
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imeric structure [27]. To identify the histidine residues essential
or the catalytic activity of BsLAPII, site-directed mutagene-
is was performed on the four conserved His residues of the
nzyme [28]. Since the Leu substitutions of His-345 and His-
78 made the enzyme inactive, we proposed these two residues
o be important for the proper function of the enzyme. In this
tudy, we demonstrate the manufacture of a highly water dis-
ersive gold nanoparticles that can efficiently immobilize the
ysine-tagged BsLAPII. BsLAPII-Lys9 binds strongly to the
old nanoparticles and retains a considerable enzymatic activity.

. Materials and methods

.1. Materials, bacterial strains, and growth conditions

HAuCl4·3H2O (99.9%), citric acid (trisodium salt, 99%),
nd 16-mercaptohexadecanoic acid (MHA, 90%) were obtained
rom Sigma–Aldrich Fine Chemicals (St. Louis, MO, USA). The
ligonucleotides used were synthesized by Mission Biotechnol-
gy Inc. (Taipei, Taiwan). Restriction enzymes were purchased
rom Promega Life Sciences (Madison, WI, USA). Nickel
itrilotriacetate (Ni2+-NTA) resin was acquired from Qiagen
nc. (Valencia, CA, USA). Reagents for polyacrylamide elec-
rophoresis including acrylamide, bisacrylamide, ammonium
ersulfate, and TEMED were the products of Bio-Rad Labora-
ories (Hercules, CA, USA). All the solvents otherwise specified
ere reagent grade, and triply distilled water of resitivity greater

han 18.0 M� cm was used in making solutions.
E. coli Novablue (Novagen Inc., Madison, WI, USA) was

sed for the preparation and construction of recombinant plas-
ids. E. coli M15 (pRep4) from Qiagen was used for T5 RNA

olymerase-mediated expression of wild-type and Lys-tagged
sLAPIIs. The E. coli cells harboring plasmids were grown
erobically at 37 or 28 ◦C in Luria-Bertani (LB) medium supple-
ented with 100 �g ampicillin/ml for Novablue strain or 100 �g

mpicillin/ml and 25 �g kanamycin/ml for M15 (pRep4) strain.

.2. Construction, expression and purification of
sLAPII-Lys3/9

To construct plasmids encoding BsLAPII fused with Lys
ags at the C-terminal end, PCR amplification reactions were
erformed with 1 U of Taq DNA polymerase, 0.25 �M of each
ynthetic primer, 10 �M of each deoxynucleotide triphosphate,
nd the buffer recommended by the manufacturer. These ampli-
cations were done in a PerkinElmer thermal cycler (GeneAmp
CR system 2400). The lap gene was amplified from pQE-
APII [26] with the forward primer LAPIIf (5′-GAGGAT-
CGTTGGGAGAAGGAA-3′), and the reverse primers
APIIr-Lys3 (5′-AAGCTTTTACTTCTTCTTCGCCAGTTC-
AATGCCCAGTT-3′) and LAPIIr-Lys9 (5′-AAGCTTTT-
CTTCTTCTTCTTCTTCTTCTTCTTCTTCGCCAGTTCG-
ATGCCCAGTT-3′). The PCR amplification was initiated at

4 ◦C for 3 min followed by 30 cycles of denaturation at 94 ◦C
or 2 min, annealing at 52 ◦C for 1.5 min, and extension at
4 ◦C for 2 min, with a final extension at 74 ◦C for 10 min. The
CR products were analyzed on 1% agarose gel and purified
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sing the DNA extraction kit (Viogene, Sunnyvale, CA, USA).
he recovered products were cloned as the BamHI-HindIII

ragments into the corresponding sites of pQE-30 to yield
QE-LAPII-Lys3 and pQE-LAPII-Lys9, respectively.

For high-level expression of BsLAPII-Lys3 and BsLAPII-
ys9, E. coli M15 (pRep4) harboring either pQE-LAPII-Lys3 or
QE-LAPII-Lys9 was grown at 37 ◦C in 100 ml of LB medium
upplemented with the above-mentioned antibiotics to an
ptical density at 600 nm of approximately 1.0. Isopropyl-�-d-
hiogalactopyranoside (IPTG) was added to a final concentration
f 0.5 mM and the cultivation proceeded at 28 ◦C for 12 h. The
ells were harvested by centrifugation, resuspended in 3 ml
f binding buffer (5 mM imidazole, 0.5 M NaCl, and 20 mM
ris–HCl; pH 7.9), and disrupted by sonication. The crude
xtracts were clarified by centrifugation and the total soluble
roteins were mixed with Ni2+-NTA resin pre-equilibrated with
he binding buffer. Then, the columns were extensively washed
ith 20 mM Tris–HCl buffer (pH 7.9) containing 50 mM imada-

ole and 0.5 M NaCl, until no protein was detected in the eluate
y measuring the A280. The His6-tagged enzymes were eluted
rom the resin by a buffer containing 0.5 M imidazole, 0.5 M
aCl and 20 mM Tris–HCl (pH 7.9).

.3. Electrophoresis and determination of protein
oncentrations

Sodium dodecylsulfate–polyacrylamide gel electrophoresis
SDS/PAGE) with 4% polyacrylamide stacking and 10% poly-
crylamide separating gels was performed with the Bio-Rad
ini-Protean III using the Laemmli buffer system [29]. Pro-

ein bands were stained with 0.25% Coomassie brilliant blue
issolved in 50% methanol–10% acetic acid, and destined in a
0% methanol–10% acetic acid solution.

Protein concentrations were determined by the Bradford
ethod [30] with the Bio-Rad protein assay reagent, and bovine

erum albumin was used as the reference standard.

.4. Enzyme assay

LAP activity was assayed spectrophotometrically by moni-
oring the hydrolysis of Leu-p-NA [31]. The reaction mixture
ontained 2.0 mM Leu-p-NA, 50 mM Tris–HCl buffer (pH 8.0),
.0 mM CoCl2, and appropriate amount of the purified enzyme
n a final volume of 500 �l. The mixture was incubated at 60 ◦C
or 10 min and the reaction was terminated by the addition of
00 �l of 30% (v/v) acetic acid. The extent of hydrolysis was
easured by determining the absorbance at 405 nm and reaction
ixtures in the absence of enzyme was used as blanks. One unit

f LAP activity is defined as the amount of enzyme that releases
�mol of p-nitroaniline (p-NA) per min at 60 ◦C.

The Km and kcat values were estimated by measuring p-
A production in 0.5 ml reaction mixtures containing various
oncentration of the substrate (0.3–2.0 Km) in 50 mM Tris–HCl

uffer, pH 8.0, and a suitable amount of enzyme. Samples were
ncubated for 10 min at 60 ◦C. The Km and kcat values were cal-
ulated from the rate p-NA production using Michaelis–Menten
quation.
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.5. AuNP synthesis

The aqueous AuNP was prepared by following the procedures
escribed in literature [32]: 120 mg of HAuCl4 was initially
issolved in 250 ml of water, and the solution was brought to
oiling. A solution of 1% sodium citrate (50 ml) was then added
o the HAuCl4 solution under vigorous stirring, and boiling
as continued for 60 min. Then, the AuNP solution was cooled
own to ambient temperature and the final volume was adjusted
o 250 ml with distilled water, which resulted in the AuNP
oncentration of 18 nM. The resulting deep red solution was
onitored by UV–vis spectroscopy on a Shimadzu dual beam

pectrometer (Model UV-1601 PC) operated at a resolution of
nm and showed the characteristic surface plasmon band at
22 nm.

The morphology and size distribution of the nanoparticles
ere studied in a Zeiss-EM902 transmission electron micro-

cope using an acceleration voltage of 200 kV. The samples for
xamination by TEM were prepared by evaporation of a drop
f nanoparticle solution on carbon films supported on standard
opper grids. Mean particle size and standard deviation were
etermined from measurement of at least 100 particles.

.6. MHA modification of AuNP and enzyme
mmobilization

Since MHA molecules are not soluble in an aqueous solution,
thanol solution containing 5 mM MHA was dropwisely added
o the AuNP solution to make a final concentration of 0.5 mM.
ubsequently, the AuNP solution was heated up to 90 ◦C during

he addition of MHA without any surfactant, which is often used
o avoid particle aggregation. Mild heating was continued for 2 h
nd the solution was cooled down to ambient temperature. After
ging for 24 h at ambient temperature, insoluble precipitate of
HA was removed by extraction with chloroform and again

djusted to the initial volume with distilled water. The FT-IR
pectra of free MHA and the adsorbed species on gold nanopar-
icle surfaces were recorded with a PerkinElmer Spectrum One
T-IR spectrometer. The experiment was carried out at 25 ◦C,
nless otherwise mentioned.

Enzyme immobilization was carried out by soaking the
uNP-COOH with BsLAPII/BsLAP-Lys3/BsLAP-Lys9 solu-

ion (0.15 mg/ml in 25 mM Tris–HCl buffer, pH 8.0) for 2 h.
dsorbed enzymes on AuNP-COOH were separated from
nbound one by centrifugation and re-dispersed in buffer solu-
ion for further characterizations.

.7. pH and temperature effects on immobilized
sLAPII-Lys9

The pH-dependent variations in catalytic activity of free and
iocojugate enzyme were studied at eight different pH values
pH 2, 3 and 4, 20 mM citrate–phosphate buffer; pH 5 and 6,

0 mM Tris–maleate buffer; pH 7, 20 mM potassium phosphate
uffer; pH 8 and 9, 20 mM Tris–HCl buffer) by preincubating
or 30 min at 4 ◦C. Thereafter, the residual LAP activity was
etermined under the standard assay conditions. Reproducibility
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f the data was tested in three separate measurements carried out
nder identical conditions.

The temperature stability of free and bioconjugate enzyme
as checked by preincubating the samples in 20 mM Tris–HCl
uffer (pH 8) at various temperatures (30–80 ◦C) for 10 min. The
esidual activity was determined according to the assay method
escribed earlier. Three separate measurements were done to
heck the reproducibility of the assay.

. Results and discussion

.1. Expression and purification of wild-type and
oly-lysine-tagged BsLAPIIs

In a previous study, we constructed a bacterial expression,
QE-LAPII, for the heterologous production of BsLAPII in E.
oli [26]. The mRNA of this construct encodes ten additional
mino acids (MRGSHHHHHH) at the N-terminus of BsLAPII,
hich facilitates one-step purification of the enzyme with
i2+-NTA resin. In order to construct the poly-lysine-tagged
sLAPIIs, the DNA fragments amplified with LAPIIf/LAPIIr-
ys3 and LAPIIf/LAPIIr-Lys9 were restricted with BamHI and
indIII, and inserted into the respective sites of pQE-30 to obtain
QE-LAPII-Lys3 and pQE-LAPII-Lys9, respectively. Analysis
f the crude extracts from IPTG-induced E. coli M15 harboring
ither pQE-LAPII-Lys3 or pQE-LAPII-Lys9 revealed a pre-
ominant protein with apparent Mr of approximately 45 kDa
Fig. 1A), which compared well with the calculated mass of the
oly-lysine-tagged translational product of the fusion gene. As
control, a 45-kDa protein band was also present in E. coli M15

pQE-LAPII). Wild-type and poly-lysine-tagged BsLAPIIs in
he crude extracts were further purified to nearly homogeneity
y a Ni2+-NTA agarose column (Fig. 1B). From 100 ml of bacte-
ial culture corresponding to approximately 0.3 g of E. coli cells,
he purification procedure resulted in a yield of 1.2–1.7 mg of
he recombinant enzymes. The specific activity for BsLAPII,
sLAPII-Lys3, and BsLAPII-Lys9 was 45.6 ± 3.8, 42.3 ± 2.1,
nd 48.1 ± 3.9 U/mg protein, respectively.

.2. Characterization of AuNP-COOH

For the reproducible immobilization of enzymes with an ade-
uate orientation, highly stable gold nanoparticles were prepared
y surface modification of citrate-reduced gold nanoparticles
ith MHA [33]. The AuNP reduced by citrate is known to be suf-
ciently hydrophilic but has a tendency to aggregate, depending
n the micro-environment. This vulnerability was substantially
mproved to protect AuNP with a long aliphatic thiol with a car-
oxyl end group. The adsorption of MHA on gold nanoparticle
urfaces was characterized by FT-IR spectroscopy. The AuNP-
OOH spread on the ATR element showed C O stretching band
t 1710 cm−1 in its monomer state (Fig. 2). The peak frequencies
918 and 2849 cm−1, assigned as CH2 asymmetric and symmet-

ic bands, designates all-trans alkyl chains with minimal gauche
onformation [34]. Water dispersible and highly stable charac-
eristics of the present AuNPs might be attributed to the well
lose-packed alkyl chains serving as a physical barrier against
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Fig. 1. SDS/PAGE analyses. (A) The crude extracts from E. coli M15 trans-
formants were analyzed by 12% polyacrylamide–SDS gels and visualized by
Coomassie brilliant staining. Lanes: M, protein size markers; 1, E. coli M15
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pQE-LAPII); 2, E. coli M15 (pQE-LAPII-Lys3); 3, E. coli M15 (pQE-LAPII-
ys9). (B) The purified wild-type and recombinant enzymes. Lanes: M, protein
ize markers; 1, BsLAPII; 2, BsLAPII-Lys3; 3, BsLAPII-Lys9.

he formation of particle agglomerates. Fig. 3 shows a TEM
mage of highly monodisperse AuNPs spread on a copper grid
ith a dominant diameter of 16–20 nm. The high stability of the

uNP was manifested by the following two facts. First, AuNP

olution in a vial was dried by continuous blowing of N2 gas
nd was re-dispersed with distilled water. Second, the carboxy-
ated AuNPs were washed out by centrifugation/re-dispersion
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Fig. 3. A TEM image of citrate-reduced gold nanoparticles spread on a c
ig. 2. FT-IR spectra of free MHA and MHA modified gold nanoparticles.

ycles twice, and a working solvent was easily exchanged into
ethanol, DMSO, and Tris–HCl buffer. The control of surface

roperties of gold nanoparticle is extended one step further by
he introduction of the concept of electrostatically driven layer
35]. The versatility of this approach resides in the nature of the
nteractions involved: the electrostatic attraction between oppo-
itely charged molecules is nonspecific and has the least steric
emand for all chemical bonds. The only requirement is the
xistence of multiple electrostatic binding points between the
olecule and the target protein [35]. Based on this approach,

he strategy of functionalizing a surface through electrostatic
ssembly has long been used for the purpose of biomolecule
mmobilizations [36–40]. Similarly, the electrostatic adsorption
f ploy-lysine tag is employed as a facile way to immobilize
sLAPII onto the surface of gold nanoparticles.

The carboxylated AuNP functioned as a nano-supporter
o immobilize recombinant enzyme with affinity Lys tags. It
s noteworthy that the Lys-tagged BsLAPII tended to adsorb
nto AuNP-COOH and no agglomerate was formed during the

dsorption of the recombinant enzymes onto the carboxylated
anoparticles. The high stability could be attributed to negatively
harged AuNP-COOH and relatively low pI value of the con-
erned protein (for BsLAPII, pI 5.04). One important merit of

opper grid and size distribution of particles observed in the picture.
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Fig. 4. Amounts of BsLAPII (lanes 2 and 3), BsLAPII-Lys3 (lanes 6 and 7),
and BsLAPII-Lys9 (lanes 10 and 11) tethered on AuNP-COOH before and after
the elution with 1 M NaCl solution, in comparison with the bands obtained by
loading the tagged BsLAPII in the crude extract state (lane 1, BsLAPII; lane
5, BsLAPII-Lys3; lane 9, BsLAPII-Lys9). Lanes 4, 8 and 12 are the respective
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ellets of BsLAPII, BsLAPII-Lys3 and BsLAPII-Lys9 after the elution with 1 M
aCl.

rotein immobilization onto AuNP might be the controlled sur-
ace roughness, which assures relatively homogenous activities
f adsorbed enzymes, compared to conventional polycrystalline
old surfaces.

.3. Enzyme immobilization

The amounts of Lys-tagged BsLAPII immobilized on
uNP-COOH were analyzed by SDS/PAGE. In this experi-
ent, Lys3/9-tagged BsLAPII adsorbed onto AuNP-COOH was

oaked with 1 M NaCl for 10 min, centrifuged, and the result-
ng pellet was analyzed by SDS/PAGE. As shown in Fig. 4, the
mount of BsLAPII-Lys9 remaining on the AuNP-COOH sur-
ace substantially reduced after elution with 1 M NaCl (lane
2). A less adsorption onto the nanoparticles was observed
or BsLAP-Lys3 (lane 6), while BsLAPII was hardly adsorbed
uNP-COOH. All these observations are consistent with the

mportance of positive charges of the tag in the large adsorp-
ion onto AuNP-COOH and the maintenance of enzyme activity
41,42]. Furthermore, BsLAPII-Lys3 and BsLAPII-Lys9 seems
o be dominant absorbants for AuNP-COOH in the presence of
ther proteins (Fig. 4). A number of protein bands together with
sLAPII-Lys3/9 existed in the stock solution, but the intensi-

ies of these protein bands were substantially reduced or even
isappeared after the adsorption to AuNP-COOH. This relative
pecificity seems to be caused by faster adsorption of poly-lysine
ag onto the nanoparticles than other non-tagged proteins.

The enzymatic activities of the BsLAPIIs on the surface of
uNP-COOH were investigated by monitoring the absorption

haracteristics of the substrate, Leu-p-NA, which develops a new
and at 405 nm as it dissociates. As shown in Fig. 5, a series
f measurements indicated that the enzymatic reaction in the
uNP-COOH solution (18 nM, l ml) containing BsLAPII-Lys9

eached a saturation level within 5 min. Although the absorbance
easurements of BsLAPII and BsLAPII-Lys3 were performed

t the same concentration of AuNP-COOH, substantially lower

AP activities were observed (Fig. 5). Taking the total amount of

he immobilized BsLAPII-Lys9 into account, 64% of the enzyme
n an average was found to maintain its activity (Table 1). On the
ther hand, BsLAPII on AuNP-COOH demonstrated extremely

o
r
p
s

ig. 5. Enzymatic activity assay of BsLAPII, BsLAPII-Lys3, and BsLAPII-Lys9

ethered on AuNP-COOH.

ow enzymatic activity of less than 0.1 �g/ml. Although the
educed activity of the immobilized (∼64%) seems to be caused
y a surface-induced conformation change, diffusional limita-
ion in this bound enzyme system might also affect the apparent
ctivity without actually fouling the structure of individual pro-
ein. To address this issue, a kinetic experiment was performed
o measure the initial rates of several Leu-p-NA concentrations
ith fixed amounts of free and immobilized BsLAPIIB-Lys9.
he results showed that both free and bound enzyme had a
imilar Km value (0.97 mM versus 1.21 mM), implying that
sLAPIIB-Lys9 on the surface of AuNP-COOH can be con-
luded not to be restricted by the substrate diffusion at the
orking concentration (∼2.0 mM). Based on these observations,

t is obvious that BsLAPII-Lys9 was efficiently adsorbed onto
uNP-COOH through electrostatic attraction with its activity
aintained, while most BsLAPII was nonspecifically adsorbed
ith a trace activity. However, it should be noted that a substan-

ial amount of BsLAPII-Lys9 was still nonspecifically adsorbed,
nd that only 64% of the adsorbed enzyme demonstrated the
AP activity. The reduced activity appears to be caused by
ydrophobic interactions between the protein and the underlying
ydrophobic region beneath the carboxyl group [43].

.4. pH and temperature stability of free and immobilized
sLAPII-Lys9

Fig. 6A shows plots of the catalytic activity of free BsLAPII-
ys9 molecules in solution and BsLAPII-Lys9 bound to the
anogold template for reactions carried out after preincubat-
ng the enzyme/bioconjugate as a function of solution pH in the
ange 2–9. It is seen that the optimum activity in both the cases
s at pH 8, with a marginal loss in catalytic activity at pH 7. At
H 4, however, free BsLAPII-Lys9 molecules retained only 42%

f the activity recorded at pH 8, while the immobilized enzyme
etained as much as 53% of the catalytic activity recorded at
H 8. Even at pH 3, BsLAPII-Lys9 in the bioconjugate material
howed significant catalytic activity.
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Table 1
Total amounts of recombinant BsLAPIIs with distinct affinity tags and amounts

Affinity tag in
the enzyme

Amount of immobilized
enzyme (SDS/PAGE) (�g/ml)

Elution by 1 M NaCla (�g/ml) Amount of active enzyme
(UV/vis) (�g/ml)

Surviving activity (%)

Eluted (Bradford) Remaining (SDS/PAGE)

His6/Lys9 9.7 5.3 2.2 6.2 64
His6/Lys3 2.5 0.9 1.3 1.0 40
His6 0.2 <0.1 <0.1

a The Bradford method quantified all the proteins eluted by 1 M NaCl, while SDS/
b –, not determined.

Fig. 6. Effects of pH and temperature on free and bioconjugate enzyme. (A)
pH-dependent catalytic activity of free BsLAPII-Lys9 in solution (open circles)
and BsLAPII-Lys9 in the nanogold template (solid circles). The 100% relative
activity for BsLAPII-Lys9 and AuNP-COOH::BsLAPII-Lys9 corresponded to
36.7 and 32.1 U/ml, respectively. (B) Temperature-dependent catalytic activ-
ity of free BsLAPII-Lys9 in solution (open circles) and BsLAPII-Lys9 in the
nanogold template (solid circles). The 100% relative activity for BsLAPII-
Lys9 and AuNP-COOH::BsLAPII-Lys9 corresponded to 41.7 and 39.2 U/ml,
respectively.
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PAGE results estimated a specific band after the gel-electrophoresis.

Fig. 6B shows plots of the variation in catalytic activity of free
sLAPII-Lys9 molecules in solution and BsLAPII-Lys9 bound

o the nanogold template as a function of temperature stability.
t higher temperatures, dramatic differences were observed in

atalytic activity of the enzyme in the two cases. The free enzyme
etained 37% of the original catalytic activity at 70 ◦C, while
he BsLAPII-Lys9-nanogold bioconjugate retained 52% of the
elative activity at the same temperature. Such enhancement in
tability of immobilized enzymes as a function of temperature
as been observed for pepsin bound to alumina nanoparticles
44], and for other enzymes immobilized on different supports
45–47].

.5. Reusability

The immobilized BsLAPII-Lys3 and BsLAPII-Lys9 were
epeatedly used to hydrolyze Leu-p-NA in batch reac-
ions. BsLAPII-Lys3- and BsLAPII-Lys9-nanogold materials
∼0.21 mg for both samples) in 2 ml of 50 mM Tris–HCl buffer
pH 8.0) containing 2 mM Leu-p-NA, 1 mM CoCl2 were shaken
50 rpm) at 60 ◦C for 10 min each time. The enzyme-nanogold
ioconjugate materials were then centrifuged at 12,000 × g for
min, washed once with 2 ml of 50 mM Tris–HCl buffer (pH
.0), and reused for another run. LAP activity in the super-
atants was determined under the standard assay conditions.
able 2 lists the catalytic activity calculated from reaction of

he BsLAPII-Lys3- and BsLAPII-Lys9-nanogold bioconjugate

aterials over five sequential reuse cycles. The catalytic activity

f the BsLAPII-Lys3-nanogold material fell rapidly, completely
osing activity by the fourth run of reaction. On the other hand,
sLAPII-Lys9-nanogold material showed ∼75% of catalytic

able 2
elative activity of BsLAPII-Lys3- and BsLAPII-Lys9-nanogold bioconjugate
aterials during successive reuses

o. of cycles Relative activity (%)a

AuNP-COOH::BsLAPII-Lys3 AuNP-COOH::BsLAPII-Lys9

100 100
37 75
15 61

2 39
0 24

a LAP activity assayed in the first cycle of reaction was taken as 100%,
hich corresponds to 27.2 and 30.9 U/ml for AuNP-COOH::BsLAPII-Lys3 and
uNP-COOH::BsLAPII-Lys9, respectively. The experiments were performed

n triplicate and data were expressed as mean values.
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ctivity after the first reuse cycle and retained 24% of the initial
atalytic activity at the fifth run of reaction. These results clearly
nderline the remarkable reuse characteristic of the BsLAPII-
ys9-nanogold bioconjugate material.

. Conclusion

In summary, poly-lysine-tagged BsLAPII can be successfully
mmobilized on the surface of carboxyl-terminated alkanethiol

odified AuNPs. The substrates are easily accessible to the
mmobilized enzyme, thus mimicking the free enzyme in solu-
ion for all practical purposes. As compared with free BsLAPII,
he lysine-tagged enzyme in the bioconjugate system shows
nhanced stability toward more harsh temperature condition.
oreover, the enzyme-nanogold bioconjugate material exhibits

xcellent reuse characteristic. Based on these advantages, the
sLAPII/AuNP-COOH bioconjugates can be expected as cat-
lytic nanodevice to construct nanoreactors based on LAP
eaction for biological applications.
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