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Cytokinin oxidase from Nipponbare (0sCKX4) was successfully displayed on the surface of E. coli cells by an ice
nucleation protein from Pseudomonas borealis DL7 as an anchoring motif and a maltodextrin-binding protein
(MBP) from E. coli as a solubility enhancer. The OsCKX4-displayed bacteria can be directly immobilized onto
an electrode to selectively detect cytokinins, thus eliminating the need for enzyme extraction and purification.
Direct electrochemistry of the cofactor FADH, in OsCKX4 has been achieved on an edge-plane pyrolytic graphite
electrode (PGE) with a formal potential (E°) of —0.45 V at pH 7.0 in phosphate buffer. With the addition of
isopentenyladenine, the reduction peak current for FADH, decreased, and the oxidative peak current increased
gradually. Therefore, a bacteria-OsCKX4-modified PGE has been developed for the detection of
isopentenyladenine with a linear range of 1.0-11.0 uM and a lower limit of detection of 0.7 uM (S/N = 3). Slight
interference was observed in the presence of other phytohormones, including brassinosteroid, abscisic acid,
methylene jasminate and gibberellin. The proposed bacterial biosensor is stable, specific and simple and has
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great potential for applications that require the detection of cytokinins.

© 2019 Published by Elsevier B.V.

1. Introduction

Cytokinins regulate many aspects of growth and development in
plants, including cell division, seed and fruit development, cambial ac-
tivity, shoot and root growth, flower, and senescence [1]. Therefore,
the detection of cytokinins in plants is important. Because the concen-
tration levels of CTKs in plant tissues are extremely low and their matrix
is complex, the sensitivity and specificity of current analytical methods
for CTK analysis are two important factors that must be considered.
Modern instrumental analytical methods for the analysis of CTKs, such
as gas chromatography-coupled mass spectrometry [2,3] and high-
performance liquid chromatography-coupled mass spectrometry [4,5],
have achieved high sensitivity and specificity for samples after pretreat-
ment and purification. Immunoassay methods, such as radioimmunoas-
say [6] and enzyme-linked immunosorbent assay (ELISA) [7,8], can
analyze crude extract solutions directly without purification steps
owing to the specific recognition of antibody to antigen. Because of
being small molecules, CTKs should be conjugated with a carrier protein
such as bovine serum albumin prior to immunization. Furthermore,
polyclonal antibodies lead to cross-recognition among the CTKs and
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result in a decrease in the specificity. Alternatively, enzymes with
their naturally occurring selectivity and catalytic ability are attractive al-
ternatives for use in the biosensor development [9].

Cytokinin oxidase (CKX) enzymes, along with their associated FAD
cofactors, cleave the N6-side chain of isopentenyladenine, zeatin, and
their ribosides directly to produce adenine and a side chain-derived al-
dehyde; simultaneously, the cofactor FAD is reduced to FADH,, as
depicted in Scheme S1 [10]. The CKX enzymes from maize (ZmCKO1)
[11] and from Arabidopsis thaliana (AtCKX2) [12] have been expressed
in Yarrowia lipolytica and in Saccharomyces cerevisiae, respectively, and
their biochemical characteristics were studied after enzyme purifica-
tion. In Nipponbare, eleven distinct CKX-encoding genes (OsCKX1-
0sCKX11) were identified. Chu et al. demonstrated that OsCKX4 is lo-
cated exclusively in the cytosol by expression of the fused C terminus
of OsCKX4 with GFP in rice protoplasts, and the results indicated that
0sCKX4 exist in cytoplasm [13]. OsCKX4 has been expressed in a pro-
karyotic expression system in our lab, and it was found to exist mainly
as an inclusion body. The strategy of using bacterial surface expression
of OsCKX4 can not only address this issue but can also avoid the require-
ment for enzyme purification.

Heterologous proteins displayed on the surface of living cells are
widely used in biotechnological applications. P450 BM3, an oxidoreduc-
tase with a heme and diflavin cofactor, has been reported to display on
the surface of E. coli cells using the Inp system [14]. The surfaced-
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displayed P450 BM3 can be used directly to develop whole-cell
biocatalysts and to screen ligands for the enzyme, such as substrates, in-
hibitors or activators. Liu's group displayed xylose dehydrogenase [15]
and glucose dehydrogenase [16] on the surface of bacteria to detect xy-
lose and glucose, respectively, using electrochemical methods. They
found that the prepared microbial biosensor exhibited high selectivity,
good reproducibility and long-term stability and it can be applied in bio-
fuel cells. To the best of our knowledge, the display of enzymes related
to phytohormone metabolism on the bacterial surface has not yet
been reported. In this paper, a recombinant plasmid pMAL-INP/
0sCKX4 was constructed in such a manner that the OsCKX4 gene was
fused to the C terminus gene of the ice-nucleation protein (INP).The
0sCKX4 gene was obtained from the cDNA of Nipponbare, and the N ter-
minus gene of ice-nucleation was from the genome of the strain Pseudo-
monas borealis DL7. The plasmid could be digested into a 1584 bp strip
of OsCKX4 using the Xbal/Sall double enzyme. The plasmid pMAL con-
tains the maltodextrin-binding protein(MBP) and INP was inserted
into the C terminus of MBP at the EcoRl/BamHI double enzyme site.
With the aid of MBP and INP, OsCKX4 was successfully displayed on
the surface of E. coli. Without any enzyme purification, the bacteria
were immobilized onto the pyrolysis graphite electrode directly and di-
rect electrochemistry of OsCKX4 was achieved. Due to its selectivity and
catalytic activity toward cytokinins, a facile bacterial biosensor for the
sensitive electrochemical detection of cytokinins was developed.

2. Materials and methods
2.1. Materials

The pMAL-INP vector was a gift from Professor Aihua Liu (Qingdao
University, China) and the plasmid pET32a-0sCKX4 was preserved in
our laboratory. Terrific broth (TB) and Luria-Bertani (LB) media were
obtained from Oxozd, England. Xbal, Sall and Isopropyl-3-D-
thiogalactopyranoside (IPTG) were obtained from Takara, Japan. Triton
N-101, dithiothreitol (DTT), lysozyme, bovine serum album,
isopentenyladenine, trans-zeatin, 6-benzyl aminopurine,
brassinosteroid, abscisic acid, methylene jasminateand gibberellin
(GA3)were purchased from Sigma, USA. Glutaraldehyde (25% aqueous
solution) was purchased from Merck, USA, and 2.5% glutaraldehyde
was prepared directly from 25% glutaraldehyde. The mung bean sprouts
were purchased from a local market. All other chemicals were of reagent
grade and were obtained from commercial sources.

2.2. Construction of expression plasmids and expression of recombinant
enzymes

The N-terminal domain of the InaPb gene (INP, 495 bp) was ampli-
fied from the genomic DNA of P. borealis DL7 and subcloned into the
plasmid pMAL between EcoRI and BamHI sites. The constructed plasmid
was denoted as pMAL-INP. Using the forward 5'-TGCTCTAGATACAAG
TTTATACAGAGCCCCATGG-3’ (the underlined sequence is the Xbal
site) and the reverse 5-ACGCGTCGACTCAGTGATGGTGATGGTGA
TGGCTATAGCTTGCAAATGCGCC-3’(the underlined sequence is the Sall
site, and the bold sequence is the addition of a 6 x His tag) were synthe-
sized as the primers to amply the OsCKX4 gene from the pET32a-
0sCKX4.The resulting PCR product, of approximately 15 kb, was
digested with Xbal and Sall, purified using a spin column, and ligated
into pMAL-INP (Xbal/Sall cut). This construct was denoted as pMAL-
INP-OsCKX4.The details for the construction of plasmid pMAL-INP-
0sCKX4 are schematically shown in Fig. S1.

E.coli strain DH5a« was transformed with the plasmid and was grown
in LB medium supplemented with ampicillin (100 pg/mL) at 140 rpm
and 37 °C. Induction was initiated by the addition of 1.0 mM IPTG and
5 pg/L riboflavin when the ODggo of the expression culture reached
0.6. After culturing for 24 h at 28 °C and 160 rpm, the cells were har-
vested by centrifugation at 5500 rpm for 25 min. The pelleted cells

were resuspended in 100 mM potassium phosphate buffer, pH 7.4, con-
taining 6 mM magnesium acetate, 20% glycerol (v/v), 0.1 mM DTT and
10 pg/mL lysozyme. The cells were sonicated for 20 min. During
thawing, the protease inhibitor PMSF was added to a final concentration
of 1 mM. The resulting lysate was centrifuged at 13000 rpm for 12 min
and the resulting supernatant was then centrifuged at 30000 rpm for
60 min to separate the membrane and soluble fractions. The pellet
(i.e., membranes) was resuspended in PBS containing 0.1 mM MgCl,
and 2% Triton X-100 to solubilize the inner membrane and then incu-
bated at room temperature for 30 min. After ultracentrifugation at
30000 rpm for 60 min the pellets (outer membrane) and soluble frac-
tions (inner membrane) were obtained and stored at —80 °C.

2.3. SDS-PAGE and Western blot analysis

Equal volumes of protein samples and loading buffer were mixed,
boiled for 5 min, and then analyzed by (10%) SDS-PAGE. The samples
were then electroblotted onto PVDF membranes and allowed to incu-
bate with a mouse anti-His monoclonal antibody (Kangweishiji, PRC)
and subsequently with an anti-mouse IgG secondary antibody
(Kangweishiji, PRC). The immunoreactive bands were detected by
chemiluminescence using an ECL detection system according to the
manufacturer's instructions.

2.4. Preparation of the modified electrode

A pyrolytic graphite electrode (PGE, 3 mm in diameter) was polished
carefully with 0.3 and 0.05 pm alumina slurries and then sonicated in
ethanol and water, respectively. Finally, the PGE was rinsed thoroughly
with distilled deionized water. Eight microliters of an OsCKX4-
displaying bacteria aqueous dispersion were added to the surface of
the PGE, which was then covered with 9 L of a mixed solution contain-
ing equal volumes of aqueous 2.5% glutaraldehyde and 2.5% (W/V) BSA.
The modified electrode was placed in a refrigerator at 4 °C to dry over-
night and was denoted as CKX-GA-BSA/PGE. OsCKX4 was immobilized
on the electrode surface by crosslinking of glutaraldehyde and BSA as il-
lustrated in Scheme S1(a). A modified electrode without CKX, denoted
as GA-BSA/PGE, was used for comparison. Prior to testing, the modified
electrodes were washed thoroughly with Milli-Q water to remove the
loose modifiers.

2.5. Direct electrochemistry of cell surface-displayed CKX and its catalysis of
cytokinins

The direct electrochemistry of cell surface-displayed CKX in a GA-
BSA cross-linked film was determined by cyclic voltammetry(CV). Cy-
clic voltammetry was performed using a CHI 660C electrochemical
workstation (CHI Instruments, Shanghai, China). A three electrode sys-
tem, which included a working CKX-GA-BSA/PGE, a saturated calomel
electrode (SCE) and a platinum wire counter electrode, was employed.

Prior to measurements, 5 mL of PBS buffer solutions were purged
with high-purity nitrogen for at least 30 min to remove air, and aliquots
of cytokinin solutions were then injected into the cell using syringes.
Finally, cyclic voltammetry was conducted to detect the catalytic cur-
rent. All experiments were performed at room temperature.

2.6. Sample preparation

The extraction of cytokinins from mung bean sprouts consisted of
the following steps: (1) Weigh 10 g of mung bean sprouts and cut
them into pieces. Add liquid nitrogen to freeze the pieces and then
grind. (2) Add 10 mL of 80% methanol and extract for 10 h at 4 °C,
then centrifuge at 3500 rpm for 20 min. Repeat the extraction twice.
(3) Mix the above 3 extracts and dry in a rotary evaporator. Dissolve
the residue in 5 mL of ethanol and filter using a 0.22 pm filter. Store
the prepared solution in the dark.
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3. Results and discussion

3.1. Characterization of the expression and surface localization of an
INP-CKX fusion on bacterial cells

The plasmid pMAL-p2x carries a maltose-binding protein (MBP,
46 kDa) tag. The expression plasmids were constructed with an insert
of INP/CKX fusion at the c-terminus of the MBP. The constructed plas-
mid was introduced into E. coli DH5a and expressed in E. coli BL21.
The calculated molecular weight of the fusion protein MBP-INP-CKX is
116 kDa. The expression level of the fusion protein was determined by
SDS-PAGE and Western blotting and the result is shown in Fig. 1. To
characterize the fusion protein expression, the cells were disrupted by
sonication, and each cell fraction (i.e., cytoplasm, outer membranes
and inner membranes) was collected using different centrifugal speeds.
Samples were loaded on a denaturing sodium dodecyl sulfate (SDS) gel
based on equal total amounts of protein as determined by the Lowry
assay [17], and the expression level was assessed by visual inspection.
The results are shown in Fig. 1A. The fusion protein band is located at
approximately 116 kDa, which is not present in E. coli containing the
vector without an insert. It was determined that the fusion protein
existed mainly in the outer membrane, i.e., the recombinant protein
was surface-displayed as a result of the addition of INP to the gene. In
the experiment, an expression vector, pET-32a/INP-CKX, was con-
structed and expressed in E. coli BL21. The results demonstrated that
the fusion protein INP-CKX was expressed exclusively as an inclusion
body (data not shown), indicating that MBP played an important role
in the surface-display of CKX. The maltodextrin-binding protein
(MBP) is a member of a family of periplasmic binding proteins in
E. coli, and it functions to transport maltodextrins from the outer mem-
brane to the inner membrane [18]. MBP is widely used for the expres-
sion and purification of recombinant proteins to improve their
expression levels and to enhance the solubility of the proteins. In this
experiment, MBP facilitated the transport of CKX to the periplasmic
space of E. coli BL21 and anchored it to the outer membrane with the as-
sistance of INP.

The subcellular location of CKX was examined by Western blotting
with an anti-His antibody (Fig. 1B). A specific band corresponding to
MBP-INP-CKX at approximately120 kDa was detected in the cyto-
plasm and outer membrane fractions, and the molecular weight was
consistent with the predicted size. In contrast to the control sample
without an insert, most MBP-INP-CKX proteins were found in the cy-
toplasm and outer membrane fractions due to the fusion construct.
The Western blot results provide evidence for the surface localization
of CKX.

kDa

116

66

45

35

3.2. Direct electrochemistry of cell surface-displayed CKX

Fig. 2A shows the cyclic voltammograms for the GA-BSA/PGE (curve
a) and the CKX-GA-BSA/PGE (curve b) in 0.1 M oxygen-free pH 7.0
phosphate buffer. A pair of redox peaks is observed with the CKX-GA-
BSA/PGE(curve b), while no redox peaks were observed with the GA-
BSA/PGE(curve a).This indicates that the redox peaks in curve b contrib-
ute to the electrochemical reaction of CKX. The anodic peak potential
(Epa) and the cathodic peak potential (Epc) are located at approxi-
mately —0.42 V and —0.48 V, respectively, at a scan rate of 0.5 V/s.
The formal potential (E0’), defined as the average of Epa and Epc, is ap-
proximately —0.45 V. The separation of the peak potential (AEp) is
60 mV, and the ratio of the cathodic current to the anodic current is
close to one. The formal potential of CKX is similar with that of FAD in
glucose oxidase [19], indicating that the redox peaks of CKX are attrib-
uted to the cofactor FAD of CKX.

To obtain optimal cyclic voltammograms of CKX immobilized on GA-
BSA films, the effect of the amounts of OsCKX4-displaying bacteria that
were applied to the PGEs on the current responses were studied. With a
loading of 8 pL of OsCKX4-displaying bacteria aqueous dispersion, a
maximal anodic current was obtained (Fig. S2). In the following exper-
iments, 8 pL of OsCKX4-displaying bacteria aqueous dispersion was cho-
sen to be immobilized onto the PGE surface. It was also observed that
the peak potential is slightly changed with the loading volume of the
0sCKX4-displaying bacteria. Maybe it is that large volume of bacteria
on the electrode blocks the direct electron transfer of OsCKX4 with
electrode.

The cyclic voltammograms of CKX-GA-BSA/PGE had nearly symmet-
ric peak shapes and nearly equal heights of reduction and oxidation
peaks in a scan rate range from 50 to 500 mV/s. The cyclic voltammo-
grams of CKX-GA-BSA/PGE at different scan rates are shown in Fig. 2B.
The reduction and oxidation peak currents exhibit good linear relation-
ships with the scan rates (see the inset of Fig. 2B). The regression equa-
tions are ipa(HA) = 0.0065v - 0.37 (mV/s)(r = 0.998), and ipc(MA) =
—0.0064v - 2.033 (mV/s)(r = 0.994). Integration of the cyclic voltam-
mograms indicates a nearly constant charge Q at different scan rates.
These results suggest that the reaction exhibited a surface-dominated
electrochemical behavior [20].

3.3. Catalytic activity of cellsurface-displayed CKX

FAD is also a cofactor for glucose oxidase (GOD), and the fact that it
uses oxygen as an electron acceptor has been approved by electrochem-
ical method [19]. To investigate whether the cofactor FAD in CKX uses
oxygen as electron acceptor, the electrocatalytic reduction of oxygen
by cell surface-displayed CKX was investigated by cyclic voltammetry

-— 120kDa - ——
80kDa

Fig. 1. (A) SDS-PAGE analysis of E. coli cells harboring the vectors pMAL-p2x-INP(control) and pMAL-p2x-INP- OsCKX4 (surface-displayed strain). (Lane M, protein standard markers; lane
1, whole cell lysate from the control; lane 2, whole cell lysate from the surface-displayed strain without IPTG induction; lane 3-5, whole cell lysate, supernatant, debris from surface-
displayed strains; lane 6-8, cytoplasmic fraction, inner membrane fraction and outer membrane fraction for the surface-displayed strain; lane 9-11, cytoplasmic fraction, inner membrane
fraction and outer membrane fraction for the control. (B) Western blot analysis of E. coli cells harboring the pMAL-p2x-INP (control) and pMAL-p2x-INP- OsCKX4 (surface-displayed
strain). (Lane 1, whole cell lysate for the control; Lane 2-4, cytoplasmic fraction, outer membrane fraction and inner membrane fraction of surface-displayed strains.
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Fig. 2. (A) Cyclic voltammograms in oxygen-free pH 7.0 buffer for GA-BSA/PGE (curve
a) and the CKX-GA-BSA/PGE (curve b) at a scan rate of 0.5 V/s. (B)Cyclic
voltammograms for CKX-GA-BSA/PGE at different scan rates. Inset: plots of redox peak
currents versus scan rates.

(Fig. S3). When a certain amount of air was injected into a pH 7.0 buffer
solution using a syringe, no increase in the reduction peak at approxi-
mately —0.48 V was observed. However, a direct reduction peak for
0, was observed at a potential of —0.65 V. These results indicate that
the cofactor FAD in CKX does not catalyze the reduction of oxygen,
thus demonstrating that the FAD does not use oxygen as an electron
acceptor.

Cytokinins that contain unsaturated N6side chains are potent sub-
strates for CKX. In this study, isopentenyladenine(Ip) was chosen to in-
vestigate the catalytic activity of cell surface-displayed CKX by cyclic
voltammetry (Fig. 3). When Ip was added to 5 mL of air-free buffer at
pH 7.0, an increase of the FADH, oxidation peak at approximately
—0.42 V was observed and was accompanied by a decreased FAD reduc-
tion peak at —0.48 V. The reduction peak current decreased with in-
creasing concentrations of Ip. These results indicate that a cycle
catalytic reaction between FAD and Ip occurred. Ip is oxidized, and
FAD is reduced to produce FADH,. FADH, is oxidized by the electrode di-
rectly, resulting in increased oxidative peak currents at —0.42 V and de-
creased reductive peak currents at —0.48 V (Scheme S1).

The decrease in reduction current upon substrate addition from the
cyclic voltammograms is very low. In order to highlight the peak current
values change, the reduction part of Fig. 3 is plotted by background
substraction(inset in Fig. 3a).The relationship between the Ip
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Fig. 3. Cyclic voltammograms of CKX-GA-BSA/PGE in oxygen-free pH 7.0 buffer with
addition of different concentration of isopentenyladenine (0, 1, 3,5,7,9 and 11 pM from
curve 1 to curve 7, respectively). Scan rate: 0.5 V/s. Inset a: The reduction current upon
substrate addition from the cyclic voltammograms by background substraction. Inset b:
The linear relationship between the concentration of isopentenyladenine and the
reductive peak current change for CKX (y = —0.08 + 0.14 x R = 0.991.)

concentration and the reductive peak current changes at —0.48 V has
been studied(inset in Fig. 3b). When the concentration of Ip in the elec-
trochemical cell was greater than 11.0 puM, a plateau was observed,
thereby displaying characteristic Michaelis-Menten kinetics. The cali-
bration range for Ip is from 1.0 to 11.0 uM, producing the regression
equation: i,(UA) = —0.08 + 1.14C (uM)(R? = 0.991, n = 6, inset in
Fig. 3b). The detection limit was estimated to be 0.7 uM (S/N = 3).
The apparent Michaelis-Mentenconstant, KPP, which is a measure of
the affinity of an enzyme for its substrate, can be obtained from the elec-
trochemical version of the Lineweaver-Burk equation:

1/Iss = 1/Inax + K™ /Imax C (1)

Where I is the steady-state current with the addition of substrate,
I1hax is the maximum current when the concentration of substrate is sat-
urate, C is the substrate concentration. The KPP value for the CKX-GA-
BSA/PGE was found to be 1.26 uM [I ~'(A) = 317,944.26 + 4.03C"!
(M), R = 0.997, n = 6], which is close to the value of 1.5 uM that was
determined by HPLC using 2,3-dimethoxy-5-methyl p-benzoquinone
as the electron acceptor [13]. This indicates that the affinity of CKX,
after being cell surface displayed, does not change significantly.

3.4. Selectivity

The selectivity and specificity of the OsCKX4 surface-displayed bac-
terial biosensor were investigated (Fig. 4). With the addition of the
same amount (7 uM) of cytokinins, including isopentenyladenine,
trans-zeatin and 6-benzyl adenine, and other phytohormones, including
brassinosteroids, abscisic acid, methylene jasminate and gibberellin
(GA3), a notable peak current decrease at —0.48 V is clearly observed
with isopentenyladenine and trans-zeatin; however, a small peak cur-
rent change is observed upon the addition of 6-benzyl adenine. These
results demonstrate that OsCKX4 can only catalyze the oxidation of cy-
tokinins with unsaturated side chains. In contrast, the other plant hor-
mones, brassinosteroids, abscisic acid, methylene jasminate and
gibberellins, cause little current change (Al the peak current decrease
at —0.48 V cause by the addition of plant hormones). These results
demonstrate the excellent selectivity and specificity of the biosensor.
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Fig. 4. Selectivity measurements using 7 uM cytokinins including isopentenyladenine(iP),
trans-zeatin(t-Z) and 6-benzyl aminopurine(6-BA) and other potentially interfering
plantphytohormones including brassinosteroid(BR), abscisic acid(ABA), methylene
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3.5. Reproducibility and stability of the biosensor

The reproducibility of successive tests using the same fabricated
biosensor was investigated. The relative standard deviation (RSD.) of
8.5% for 5 UM isopentenyladenine(n = 5) demonstrates good repro-
ducibility(Fig. S4 a). The repeatability of the sensor development
was tested by fabricating five sensors and determining their responses
separately. The repeatability studies for the sensors produced an RSD
below 10%, indicating very good repeatability for biosensor
fabrication.

The stability of the OsCKX4 surface-displayed bacterial biosensor
was evaluated by measuring the current responses at a fixed
isopentenyladenine concentration of 5 uM over a period of 3 weeks.
The OsCKX4 surface-displayed bacterial biosensor was used daily and
stored in frigerator at 4 °C. The experimental results indicated that the
current responses deviated only 15%(Fig. S4 b), suggesting that the
0sCKX4 surface-displayed bacterial biosensor that was developed by
this method possesses long-term stability.

1/ pA

0.8 I -0.7 I —OI.G I -0|.5 I —0|.4 I -0|.3 I 0.2 -0.1
E/V (vs.SCE)

Fig. 5. Linear sweep voltammograms for CKX-GA-BSA/PGE in air-free pH 7.0 phosphate
buffer, (a); a + 1 mL of fresh mung bean sprout sample, (b); b + 3 uM
isopentenyladenine, (c); b + 5 pM isopentenyladenine, (d); and b + 7 pM
isopentenyladenine, (e). Other conditions are the same as in Fig. 2.

Table 1
Recovery analysis for samples quantified with a calibration graph using the proposed
method.

Sample  Cyp /x10~°molL™! RSD/% Recovery /%
Found before Added Expected Found after
adding adding

1 0.0025 3.0 3.0025 2.82 10.6 93.9

2 0.0025 5.0 5.0025 4.54 9.5 90.8

3 0.0025 7.0 7.0025 7.10 8.3 101.3

3.6. Cytokinin assays in real samples

To evaluate its potential in an application, the biosensor developed
here was employed to detect cytokinins in the roots of fresh mung bean
sprouts. One mL of the extract solution from the root of the fresh mung
bean sprouts was placed in the electrochemical cell and 4 mL of PBS
was added. The sample solution was analyzed using a CKX-GA-BSA/PGE
by linear sweep voltammetry (Fig. 5). To establish the suitability of the
proposed method, known amounts of standard Ip were added to the an-
alytical solution and the same procedures were applied(curves b, ¢,d and
e in Fig. 5). The amount of Ip present in each sample was obtained by the
standard addition method, and the results are listed in Table 1. The recov-
ery was excellent, indicating that this method can be used in the analysis
of real samples. The amount of cytokinin present in the root of the fresh
mung bean sprouts was calculated to be 0.254 pg/g.

4. Conclusion

Using InaPb-N from P. borealis DL7 as its anchoring motif, cytokinin
oxidase from Nipponbare (0sCKX4) was successfully displayed on the
cell surface of E. coli BL21 (DE3) for the first time. The OsCKX4-
displayed bacteria were used to develop a novel sensitive method for
the detection of the isopentenyladenine cytokinin. The method
exploited the catalysis of the oxidization of isopentenyladenine to ade-
nine and 3-methyl-2-butenal by the bacteria-displayed-0OsCKX4 with
the coenzyme FAD and the resultant FADH,. And FADH, is turned to
be oxidized directly by the electrode at —0.42 V in PBS at pH 7.0. It
was found by cyclic voltammetry that the reduction peak current de-
creased with the concentration of Ip, which exhibited a linear range of
1-11 uM and a detection limit of 0.7 uM of isopentenyladenine. The
preparedbacteria-displayedOsCKX4exhibited high CKX activity and af-
finity compared to the free enzyme. In addition, it demonstrated high
selectivity for substrates with unsaturated side chains, such as
isopentenyladenine and trans-zeatin. Cytokinins without unsaturated
side chains, such as 6-benzyl aminopurine, are not oxidized by
0sCKX4. A low level of interference was observed in the presence of
other phytohormones, including brassinosteroid, abscisic acid, methy-
lene jasminate and gibberellin. Good results were thus obtained using
this bacterial biosensor to detect isopentenyladenine in the root of
fresh mung bean sprouts. Furthermore, bacteria-displayed OsCKX4
can be used directly without a requirement for enzyme extraction and
purification. Similarly, the genetic approach proposed here may be
used for the expression of other phytohormone metabolizing enzymes
and may provide a platform for the selective detection of other
phytohormones.
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