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Multi-enzyme  systems  have  been  widely  employed  in biotransformations  to  produce  a variety  of  useful
compounds.  An  efficient  and  stable  multi-enzyme  system  is  often  required  for  large-scale  applications.
Herein  we  report  the  immobilization  of  a  multi-enzyme  system,  which  catalyzes  consecutive  reactions
by  alkyl  hydroperoxides  reductase  (AhpR)  on functionalized  single-walled  carbon  nanotubes  (SWCNTs).
AhpR,  composed  of H2O2-forming  NADH  oxidase  (nox)  and  peroxidase  (AhpC),  protects  microorganisms
from  the  toxic  effects  caused  by organic  hydroperoxides  and  regulates  H2O2-mediated  signal  transduc-
tion.  Both  His-tagged  nox  and  AhpC  were  immobilized  via  non-covalent  specific  interactions  between
His-tagged  proteins  and modified  SWCNTs.  The  activity  and  stability  of AhpR  at  different  nox/AhpC  ratios
ingle-walled carbon nanotubes
ulti-enzyme immobilization

were examined  and  the immobilized  AhpR  system  demonstrated  ca.  87%  of  the  native  enzyme  activity.  We
found  that  various  nox/AhpC  ratios  may  affect  overall  AhpR  activity  but  not  the  total  turnover  number.  The
amount of  intermediate  hydrogen  peroxide  is not  influenced  by immobilization  and  it decreases  when  the
weight of  AhpC  increases,  and  becomes  undetectable  when  nox/AhpC  ratio  reaches  above  1:50.  Hence,
we  believe  that  this  non-covalent  specific  immobilization  procedure  can  be  applied  to multi-enzyme
systems  with  satisfactory  activity  retention  and  stability  improvement  during  consecutive  reactions.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Biotransformations often involve multi-enzyme systems that
arry out serial reactions to yield diverse products such as alcohols,
mines, and enantiomerically pure compounds [1–4]. An efficient
nd clean multi-enzyme system can be used in multi-step com-
lex synthetic routes via isolated biocatalysts in vitro, such as the
ioproduction of methanol from CO2 by co-immobilizing three
nzymes on protamine-templated titania [5],  and the conversion
f l-asparagine to glutamate via attaching l-asparaginase and glu-
amate dehydrogenase on agarose beads [6].

As compared to whole-cell system, cell-free multi-enzyme sys-
em has several advantages [7,8]: (i) reduced complexity and easy
eaction control, including optimization of biocatalyst and sub-
trate concentrations, change of reaction media, and variation of
ifferent enzyme ratios; (ii) unnecessary to consider substrate tox-

city to the system; (iii) the high purity of final products due to
he absence of side-reactions and metabolite contamination. How-

ver, the relatively low stability of isolated biocatalysts is one of
he general technical hurdles that hamper large-scale applications
9,10].

∗ Corresponding author. Tel.: +65 65141055; fax: +65 67947553.
E-mail address: rrjiang@ntu.edu.sg (R. Jiang).

381-1177/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2011.11.016
Enzyme immobilization allows biocatalysts to have improved
stability in both aqueous and organic phases, circumvent the con-
tamination from final products and easy recovery from reaction
medium [11–13].  Specifically, multi-enzyme immobilization sys-
tem has been applied as biosensor to detect O2 [14], l-malate
[15], and glucose [16,17].  Some chemical manufacturing routes
derived from metabolic pathways have also been engaged in
multi-enzyme immobilization systems, such as the production of
methanol, ethanol, and l-lactic acid [18,19].

In recent years, enzyme immobilization with nanoscale sup-
porting materials has attracted much attention in biocatalysis as
these nanomaterials could provide high surface area and reduce
mass-transfer resistance [20–22].  Compared to the studies on
mono-enzyme immobilization, research of multi-enzyme sys-
tem immobilization on nanostructures is considerably less. For
mono-enzyme immobilization, commonly used immobilization
approaches, such as adsorption, entrapment and covalent bind-
ing, often cause enzyme leaching [23], enzyme 3D structure change
[24], and mass-transfer resistance [25]. Our group has previously
demonstrated an efficient mono-enzyme immobilization method
based on the non-covalent specific interaction between His-

tagged enzyme and N�, N�-bis(carboxymethyl)-l-lysine hydrate
(ANTA) functionalized nanostructures, which overcomes the fore-
said limitations[26–28].  Other nanoparticles have also been used
in protein attachment based on the polyhistidine–Co2+/Ni2+

dx.doi.org/10.1016/j.molcatb.2011.11.016
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:rrjiang@ntu.edu.sg
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nteraction [29–33],  but most are for biosensing or detecting pur-
oses. As for multi-enzyme system immobilization, other factors
uch as the ratios between different enzymes, overall activity and
tability, and intermediate formation also need to be considered.

In this work, we apply the aforementioned non-covalent
pecific immobilization approach on a multi-enzyme system
hat carries out consecutive reactions with supporting materials
ingle-walled carbon nanotubes (SWCNTs). Alkyl hydroperoxide
eductase (AhpR), which has been found in many anaerobic bacteria
uch as Salmonella typhimurium (S. typhimurium) [34], Streptococ-
us mutans [35], Amphibacillus xylanus [36], and Lactococcus lactis
37], can protect microorganisms from the toxic effects caused by
rganic hydroperoxides. Moreover, it was found to regulate hydro-
en peroxide-mediated signal transduction in eukaryotes [38]. It
s composed of two enzymes – H2O2-forming NADH oxidase (nox,
ncoded by ahpF) and peroxidase (encoded by ahpC) [39]. Since the
verall reaction of AhpR, as shown in the following, is identical to
he water-forming NADH oxidase where oxygen is the substrate
40,41], AhpR can also serve to regenerate NAD+ in oxidoreductive
eactions that requires nicotinamide cofactors [37,42].

ox : O2 + NADH + H+ → NAD+ + H2O2

eroxidase(AhpC) : H2O2 + NADH + H+ → NAD+ + 2H2O

verall : O2 + 2NADH + 2H+ → 2NAD+ + 2H2O

Previous work on AhpR (S. typhimurium) has demonstrated that
hpC has no activity when nox is absent [43] – AhpC requires
lectron transport from the N-terminal disulfide bond of nox to
he inter-subunit disulfide bond between AhpC and nox within
emporal interaction [36] (Fig. 1). The collision between the two
mmobilized enzymes is expected to enable desired consecutive
eactions. Here in this work, we aim to demonstrate that the
pecific non-covalent interaction based immobilization approach
polyhistidine-Co2+) is also suitable for multi-enzyme immobiliza-
ion to catalyze consecutive reactions. Even for a coupled enzyme
ystem, enzyme activity can be well maintained after immobiliza-
ion via this method. Our model system is the annotated AhpR from
acillus cereus (B. cereus),  which shares high amino acid level iden-
ity (>55%) with AhpR from S. typhimurium. The activity and stability
f AhpR, nox/AhpC ratios, and the intermediate hydrogen peroxide
enerated during catalysis have been investigated in this study.

. Materials and methods

.1. Materials

Bradford reagent, ampicillin, kanamycin, potassium phosphate,
odium chloride, tryptone, cobalt chloride, nitric acid, sulfuric
cid, 5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside
X-Gal), N�,N�-bis(carboxymethyl)-l-lysine hydrate
ANTA), 1-ethyl-3-[3′-(dimethylamino)propyl]carbodiimide
EDC), N-hydroxysuccinimide (NHS), N-(2-hydroxyethyl)
iperazine-N′-(2-ethanesulfonic acid) (HEPES), and isopropyl
-d-1-thiogalactopyranoside (IPTG) were purchased from
igma–Aldrich. Dithiothreitol (DTT), �-nicotinamide adenine
inucleotide, reduced dipotassium salt (NADH), and flavin ade-
ine dinucleotide (FAD) were obtained from Merck. Low melting

garose was obtained from Nusieve. Taq DNA polymerase and T4
NA ligase were from New England Biolabs. Restriction endonu-
leases BglII and XhoI were purchased from Fermentas. Super
urified HiPco® Single-walled carbon nanotubes were purchased
rom Unidym (USA, D: 0.8–1.2 nm,  length: 100–1000 nm,  surface
rea per unit mass: 1315 m2/g).
talysis B: Enzymatic 76 (2012) 9– 14

2.2. AhpC cloning, overexpression and protein purification

The ahpC gene from B. cereus ATCC 14579
was amplified by polymerase chain reaction (PCR)
using Taq DNA polymerase with primers 5′-
AGATCTGACCATGGCGATGTTATTAATCGGCACAGAAGTAA-3′ and
5′-CTCGAGGGATCCCTATTAGATTTTGCCTACAAGGTCAAG-3′. The
PCR products were purified by gel extraction kit (QIAGEN) and
cloned into pDrive vector with blue/white screening features
(PCR cloning kit, QIAGEN). Recombinant plasmid pDrive-ahpC
was obtained by miniprep (QIASpin Miniprep kit, QIAGEN), and
checked with DNA sequencing. The plasmid was then digested
by restriction endonucleases BglII and XhoI, cloned into pET-30b
(+) (Novagen) to obtain recombinant plasmid pET30b-ahpC, and
transferred into E. coli BL21 (DE3) competent cells (Stratagene).
AhpC was overexpressed at 37 ◦C with 200 �M IPTG induction
when the absorbance reached 0.6–0.8 at 600 nm.  After 3-h over-
expression, cell pellet was  collected by centrifugation and lysed
in 50 mM,  pH 7.0 HEPES buffer through sonication at 30 s × 8 with
30 s intervals. AhpC was purified by immobilized metal affinity
chromatography using Gravatrap Ni2+ column (GE Healthcare)
and desalted by PD-10 column (GE Healthcare) according to
manufacturer’s instructions. The purity of AhpC was verified
by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and AhpC concentration was  measured after
5-min incubation with Bradford Reagent using Biophotometer
(Eppendorf).

2.3. SWCNTs modification

SWCNTs were first treated with HNO3/H2SO4 mixture
(HNO3/H2SO4 = 1:3) to form SWCNT–COOH, then activated by
NHS/EDC in 20 mM,  pH 7.5 HEPES buffer to convert SWCNT–COOH
to SWCNT–NHS ester complex, and finally the ester complex
reacted with ANTA–Co2+ to produce SWCNT–ANTA–Co2+ com-
plex according to a previously reported protocol [26]. SWCNTs
modification was  verified by Fourier transform inferred spec-
troscopy. Functionalized SWCNT samples were filtered with
0.2-�M nylon membrane and washed by distilled water for three
times.

2.4. Enzyme immobilization

Cell lysis was  carried out in 20 mM,  pH 7.5 HEPES buffer
by sonication (30 s × 8) and centrifuged at 30, 000 × g for
30 min. The supernatant was incubated with SWCNT–ANTA–Co2+

complex at 4 ◦C overnight. SWCNT–ANTA–Co2+–AhpC conju-
gate (SWCNT–AhpC) was purified and washed with 20 mM,
pH 7.5 HEPES buffer containing 20 mM imidazole three times.
SWCNT–AhpC was  suspended in 20 mM,  pH 7.5 HEPES buffer.

2.5. Circular dichroism

The secondary structure of free AhpC and SWCNT–AhpC was
detected by circular dichroism spectroscopy (CD). CD measurement
was carried out by a ChiraScan circular dichroism spectrometer
(Applied Photophysics, United Kingdom) with constant N2 flushing.
The far-UV CD spectra (200–260 nm)  were obtained in 10 mM,  pH
7.0 potassium phosphate buffer containing ∼0.34 mg/ml enzyme
in a 1-mm path length quartz cuvette at room temperature. Each

spectrum is obtained from the average reading of three consec-
utive scans. The contents of �-helix and �-sheet were calculated
based on the mean residue ellipticity at 222 and 218 nm. The
spectrum of pristine SWCNTs was  also acquired under the same
conditions.
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by eluting the enzyme off the conjugate with imidazole and
checked with SDS-PAGE. The SDS-PAGE exhibits only one band
(∼25 kDa) after elution (Fig. 2 lane I), and no band is shown for
the control (SWCNT–COOH and AhpC mixture) (Fig. 2 lane H). The
ig. 1. Proposed scheme of consecutive reactions catalyzed by immobilized AhpR
nterchange, while reducing oxygen to intermediate hydrogen peroxide. Electrons 

he  reduction of hydrogen peroxide to final product water. Since AhpC requires ele

.6. AhpR activity with different nox/AhpC ratio

The activity of free and immobilized AhpR system was  mea-
ured by tracking NADH absorbance decrease at 340 nm (ε:
220 M−1cm−1) with a DU 800 spectrophotometer (Beckman Coul-
er, USA). Standard conditions include air-saturated 50 mM,  pH
.0 potassium phosphate buffer (PPB) containing 200 �M NADH
nd 8 �M FAD (free nox)/23.95 �M FAD (SWCNT-nox) at 30 ◦C.
our combinations of AhpR system (nox/AhpC, SWCNT-nox/AhpC,
ox/SWCNT-AhpC, and SWCNT-nox/SWCNT-AhpC) with different
ox/AhpC molar ratios (100: 1, 10: 1, 1: 1, 1:10, 1: 30, and 1: 50)
ere tested under standard conditions. In this study, the activity

f free nox is assigned to 100%. “Relative activity” is defined as the
ctivity of AhpR system over the activity of equal amount of free
ox.

.7. Enzyme stability measurement

.7.1. Storage stability
Storage stability was examined at 4 ◦C and 20 ◦C over a period

f 1000 h. Activity was measured under standard conditions with
ox/AhpC at 1:1.

.7.2. Total turnover number
Free nox, SWCNT-nox, and four combinations of AhpR sys-

em with different nox/AhpC ratios (100: 1, 10: 1, 1: 1, 1:10, and
:30) were added into the air-saturated 50 mM,  pH 7.0 PPB buffer
ith/without 5 mM DTT at 30 ◦C. NADH was added until nox or
hpR could no longer catalyze the reaction [42].

.8. Amplex red assay

The oxidation of 9-acetylresorufin (Amplex Red, Molecular
robe, Invitrogen, Singapore) catalyzed by horseradish peroxidase
HRP) was used to detect H2O2 quantitatively. The reaction is car-
ied out according to a strict 1:1 stoichiometry between H2O2 and
mplex Red, and generates the fluorescent product resorufin (ε: 54,
00 M−1cm−1, excitation: 530 nm,  and emission: 590 nm). Samples
rom free nox, SWCNT-nox, and the four combinations with differ-
nt nox/AhpC ratios (100: 1, 10: 1, 1: 1, 1: 10, 1: 30, and 1: 50)
ere pipetted into a 96-well microplate after reacting with 200 �M
ADH under standard conditions, respectively. The working solu-

ion (50 �l) containing Amplex Red reagent and HRP was added

o the 96-well microplate subsequently and the reaction lasted for
0 min  in dark at room temperature. The fluorescence of resorufin
as detected by a microplate reader at 590 nm (Tecan Infinite® 200

ro, SciMed, Singapore).
NT-nox initially obtains electrons from NADH via the flavin and dithiol–disulfide
en transferred from the active site of nox to the dithiol center of AhpC followed by

 from nox, it cannot catalyze the reductive reaction by itself [35,43].

3.  Results and discussion

3.1. Cloning, overexpression and purification of AhpC

The ahpC gene has been successfully amplified by PCR with
genomic DNA from B. cereus as template. The nucleotide sequence
of ahpC was confirmed by DNA sequencing, showing one silent
mutation (GAA to GAG) at position Glu164 compared to the anno-
tated gene sequence from NCBI. The overexpressed AhpC reveals
a prominent band on SDS-PAGE (Fig. 2 lane C). The open read-
ing frame of ahpC encodes the enzyme with a molecular weight
of ∼25 kDa, which is in agreement with the SDS-PAGE result that
exhibits only one band at the right size after immobilized metal
affinity chromatography purification (Fig. 2 lane F).

3.2. SWCNT–AhpC

We modified the surface of SWCNTs to enable the specific
attachment of His-tagged enzyme AhpC. The pristine SWCNTs were
first treated with acid mixture in the presence of NHS/EDC, and
then functionalized with nitrilotriacetate group terminated with
Co2+ as reported previously [26]. The resulting SWCNT–ANTA–Co2+

complex was  incubated with cell lysate containing His-tagged
AhpC overnight to obtain SWCNT–AhpC conjugate. We  confirmed
the binding specificity of AhpC to SWCNT–ANTA–Co2+ complex
Fig. 2. SDS-PAGE of AhpC overexpression, purification and immobilization. Lane A:
protein weight marker; lane B: uninduced cells; lane C: induction with IPTG; lane
D:  cell lysate; lane E: insoluble part; lane F: purified AhpC; lane G: cell lysate; lane
H: imidazole elution sample from control (SWCNT–COOH and AhpC mixture); Lane
I:  imidazole elution sample from SWCNT–AhpC.
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Fig. 4. Relative activity of both free and immobilized AhpR at various nox/AhpC
ratios. nox/AhpC (red); nox/SWCNT–AhpC (blue); SWCNT-nox/AhpC (yellow) and
SWCNT-nox/SWCNT–AhpC (green). (For interpretation of the references to color in

not influence the amount of hydrogen peroxide in all four combi-
nations, which suggests that SWCNTs may  not facilitate or block
the electron transfer between nox and AhpC. With the same
amount of NADH added, both free and SWCNT–nox produced
ig. 3. Circular dichroism spectra of free AhpC (�, SWCNT-AhpC (�), and modified
WCNTs (�).

mount of AhpC in cell lysate also decreased after immobilization,
hich suggests successful enzyme immobilization (data not shown
ere). These results indicate that His-tagged AhpC can attached
o SWCNT–ANTA–Co2+ complex specifically. In order to determine
he loading capacity of AhpC, we investigated three different AhpC
o SWCNTs ratios (w/w), 5:1, 10:1, and 15:1. The immobilization
apacity was found to be ∼0.78 mg  enzyme/mg SWCNTs at all ratios
ested.

.3. Circular dichroism

In order to examine the secondary structure of AhpC after immo-
ilization, we used CD spectroscopy. Fig. 3 demonstrates the CD
pectra of free AhpC, SWCNT–AhpC, and modified SWCNTs in the
ar-UV region. The mean residue ellipticity at 222 nm and 218 nm is
sed to quantify �-helix and �-sheet contents. As shown in Table 1,
he �-helix or �-sheet content of SWCNT–AhpC is very similar to
hat of native AhpC, reflecting that the supporting materials SWC-
Ts do not affect the AhpC structure significantly. The preservation
f enzyme conformation may  be attributed to the specific inter-
ction between the His-tagged enzyme and SWCNT–ANTA–Co2+

omplex.

.4. AhpR activity with different nox/AhpC ratios

Activity retention is one of most important features to evalu-
te the performance of immobilized enzyme. The AhpR activity
f four different combinations (nox/AhpC, nox/SWCNT–AhpC,
WCNT–nox/AhpC, and SWCNT–nox/SWCNT–AhpC) has been
nvestigated at various nox/AhpC ratios (Fig. 4). When nox/AhpC
atio is at 100:1 or 10:1, i.e., nox is in great excess of AhpC, the
elative activity of all four combinations is close to 100%, which
uggests that nox dominates the activity of AhpR system when the
mount of AhpC is too little to make any difference. Moreover, the

elative activity of all combinations was almost the same, which
lso suggests that the activity of SWCNT–nox is similar to that of
ree nox, consistent with our previous findings [26].

able 1
-Helix and �-sheet contents of free AhpC and SWCNT-AhpC.

Sample �-helix (%) �-sheet (%)

AhpC 30.6 ± 0.40 42.7 ± 0.75
SWCNT–AhpC 28.9 ± 0.91 41.6 ± 0.28
this  figure legend, the reader is referred to the web version of the article.)

The relative activity of all combinations increases from ∼150%
to ∼200% as the nox/AhpC ratio increases from 1:1 to 1:50.
The raise in AhpC leads to the increase of overall AhpR activity,
which implies an increase in electron transfer rate from nox to
AhpC and faster conversion of intermediate hydrogen peroxide to
water (hydrogen peroxide data shown in Section 3.5) [34,43]. Free
AhpR demonstrates the best activity among all four combinations.
The decrease in AhpR activity of immobilized enzymes may  be
attributed to the steric hindrance caused by the supporting materi-
als [6], which could have influenced the effective collisions between
nox and AhpC. SWCNT–nox/SWCNT–AhpC system can still keep
∼87% of free AhpR activity. The satisfactory activity retention may
be attributed to the specific interaction between modified SWC-
NTs and His-tagged enzymes, which might help preserve enzyme
structure during catalysis [33]. In addition, the similar mobil-
ity through Brownian motion between nanoparticle–immobilized
enzymes and free enzymes could also help retain high activity
[44,45].

3.5. Hydrogen peroxide formation

The intermediate, hydrogen peroxide, was  determined by
Amplex Red assay through monitoring resorufin fluorescence at
590 nm.  As indicated by Fig. 5, supporting material SWCNTs do
Fig. 5. Hydrogen peroxide generation from free and immobilized AhpR at differ-
ent  nox/AhpC ratios. nox/AhpC (red); nox/SWCNT–AhpC (blue); SWCNT–nox/AhpC
(yellow); and SWCNT–nox/SWCNT–AhpC (green). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web  version of the
article.)
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imilar amount of hydrogen peroxide, and that amount is close
o previous findings on nox from other microorganisms [36,46].
n theory, AhpR is active as a one-molecule nox and one-molecule
hpC protein complex, and the reduction of intermediate hydrogen
eroxide to water should be immediate and complete. Neverthe-

ess, we found that when nox/AhpC is 1:1, half of the hydrogen
eroxide still remains in the system when compared to free or

mmobilized nox. Hydrogen peroxide is only undetectable when
ox/AhpC ratio reaches above 1:50. The incomplete turnover of
ydrogen peroxide at lower nox/AhpC ratios may  be owing to
he unproductive collisions between nox and AhpC in reaction

ixture [42]. Therefore, either free or immobilized AhpC has
o be present in vast excess in order to be an effective H2O2
cavenger.

.6. AhpR stability

Stability improvement is another key parameter to evaluate
mmobilized enzymes. We  chose nox/AhpC ratio at 1:1, the theoret-
cal ratio of AhpR protein complex, to study AhpR storage stability.
ince the stability of SWCNT-nox has been investigated before [26],
ere we use SWCNT-AhpC and free nox as our AhpR system. As
hown in Fig. 6, the storage stability of AhpR has been improved
ignificantly compared to free AhpR at 4 ◦C and 20 ◦C. AhpR stored
t 4 ◦C can still maintain >90% activity after ∼1000 h, whereas free
hpR only keeps ca. 60% activity. The estimated half-life of SWCNT-
hpC at 20 ◦C is ∼1200 h, twice that of free AhpC (∼550 h). Factors
uch as high surface curvature [21], high loading capacity [47], and
anospatial confinement [20] may  lead to the elevated enzyme
tability after immobilization.

The operational stability of both free and immobilized AhpR
ystem was investigated through their total turnover num-

ers (TTN). All combinations, including free nox/AhpC (Fig. 7a),
WCNT–nox/free AhpC (Fig. 7c), free nox/SWCNT–AhpC (Fig. 7b),
nd SWCNT–nox/SWCNT–AhpC (Fig. 7d) exhibit excellent oper-
tional stability with similar TTN at ∼9 × 104, indicating that

ig. 7. Total turnover number of both free and immobilized AhpR at various nox/AhpC ratio
c)  SWCNT–nox/AhpC (d) SWCNT-nox/SWCNT–AhpC. (For interpretation of the references
nox/AhpC at 20 ◦C (�), nox/SWCNT–AhpC at 4 ◦C (�), and nox/SWCNT–AhpC at 20 ◦C
(�).

immobilization has no influence on enzyme operational stabil-
ity. Neither AhpC nor SWCNT–AhpC enhances the TTN of nox or
SWCNT–nox, implying that the deactivation of AhpR is caused by
the hydrogen peroxide produced by nox [42,48]. It was  reported
previously that the over-oxidation of the Cys at the nox active site,
converting the original thiol group –SH to toxic sufinic acid–SOOH,
may  lead to enzyme inactivation [49]. Hence, the TTN is determined
by the enzyme itself, and not influenced by immobilization. Despite
adding exogenous DTT into the reaction system, the TTN of AhpR
remains unchanged in all combinations. One possible explanation
is that the second thiol of nox can behave as a stabilizing nucle-

ophile at the active site. Therefore, the operational stability of AhpR
is determined by the overoxidation of Cysteine residue at the active
site of nox, and not by SWCNTs or AhpC [50].

s in the presence (blue) or absence of DTT (red). (a) nox/AhpC (b) nox/SWCNT–AhpC
 to color in this figure legend, the reader is referred to the web version of the article.)
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. Conclusions

In summary, we have demonstrated that the non-covalent
mmobilization approach based on the specific interaction between
is-tagged enzyme and ANTA modified nanostructures can also
e applied on a consecutive biocatalytic reaction system, such as
hpR. Compared to other enzyme immobilization methods, this

mmobilization approach does not require enzyme purification,
n another word, the cell lysate can be directly used for immobi-
ization. Moreover, enzymes tend to have high activity retention
fter immobilization since the enzyme 3D structure is often well
reserved via this non-covalent yet specific approach. Here, the

mmobilized AhpR system has shown satisfactory activity retention
nd improved storage stability. Various nox/AhpC ratios may  affect
he overall free/immobilized AhpR activity but not the operational
tability, as indicated by TTN. As for the generation of intermedi-
te hydrogen peroxide, either free or immobilized AhpC need to be
resent in vast excess of nox in order to act as an effective scavenger.
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