
Carbaryl (C12H11NO2, 1-naphthyl-N-methyl carba-

mate) (Fig. 1), a carbamate insecticide, is used as a

broad-spectrum contact and intestinal insecticide with

some systemic properties used on crops and trees. The

mode of action of carbaryl, like the organophosphates, is

reversible inhibition of cholinesterase [1], and the signs

and symptoms are typically cholinergic with lacrimation,

salivation, miosis, convulsions, and death [2]. Residues of

carbaryl on crops and in the environment pose a potential

hazard to humans.

Pesticide residue monitoring has attracted enormous

attention to carbaryl residues in recent years. An official

document of the European Union (Regulation (EC) No.

396/2005 of the European Parliament and of the

Council) established maximum residue level of carbaryl

in food as 0.05 mg/kg. This has resulted in a growing

demand for rapid and simple testing procedures for deter-

mining carbaryl. Earlier, routine analysis of carbaryl con-

tent was based on chromatographic methods after deriva-

tization or spectrophotometry and colorimetry, thin layer

chromatography, and high performance liquid chro-

matography [3, 4]. These methods are laborious and time

intensive for sample pretreatment. Enzyme linked

immunosorbent assay (ELISA) is becoming increasingly

popular as a screening methodology to meet the testing

demand. It is suitable for surveying larger numbers of

samples than could be accomplished by conventional

analysis, and it exhibit high sensitivity and low detection

limits [5].

The single-chain variable fragment (scFv) antibody

is a third generation antibody. In recent years, with

molecular biological techniques it is possible to produce a

single-chain variable fragment (scFv) antibody in bacter-

ial culture by recombinant DNA technology. Compared

to monoclonal and polyclonal antibody, the cost of scFv

production is very low; in addition, scFv can be produced

in batch and fused with a marker molecule for effective

immunological detection [6]. Therefore, one of objectives

of this research was to construct a high-affinity scFv

against carbaryl that might provide reliable carbaryl

detection.

The scFv usually suffers from low binding affinity

compared to those for macromolecular antigens. The

study of the binding mechanism of scFv with antigen can
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help to improve their binding affinities. But the anti-

gen–antibody reaction mechanism is poorly understood,

this leading to hapten design based on trial and error and

difficulty in antibody transformation. The usual approach

for studying protein–ligand binding mechanism is by

crystallization, which is time-consuming and difficult.

Therefore, the other objective of the present study was to

use construct recombinant antibody (scFv) against car-

baryl and elucidate its recognition mechanism with car-

baryl by computer bioinformatics technology, which lays

a foundation for enhancing carbaryl antibody affinity in

the future.

MATERIALS AND METHODS

PGEM-T-Easy plasmid was purchased from

Promega (USA). The pET-26b plasmid was purchased

from Beijing Bao Covey Food Safety Biological

Technology Co. (China). Escherichia coli strain JM109

was purchased from TaKaRa Biotechnology Co. Ltd

(China). The oligonucleotide primers [7] (Table 1) were

synthesized by Invitrogen (USA) and used for polymerase

chain reaction (PCR) cloning of the variable genes.

Restriction enzymes EcoRI and XhoI were purchased

from TaKaRa. Pfu DNA polymerase and T4 DNA ligase

were supplied by TransGen Biotechnology Co. Ltd.

(China). The GoScript reverse transcription system was

purchased from Promega. DNA gel extraction kit,

RNeasy Midi kit, Oligotex mRNA Mini Kit, and QIA

quick PCR Purification Kit were purchased from Qiagen

(USA). A hybridoma cell line that secretes mAb against

carbaryl was established in our laboratory previously.

Other reagents were of analytical quality. PCR was per-

formed in a DNA Engine thermal cycler, and gels and

film were imaged and analyzed in the Gel Doc XR sys-

tem, which were all obtained from Bio-Rad (USA).

Total RNA extraction. Total RNA was extracted from

the carbaryl hybridoma cell line (about 106-107 cells)

using the RNeasy Midi kit according to the manufactur-

er’s instructions.

Cloning of VL and VH genes. The first-strand cDNA

was synthesized from RNA using a reverse transcription

PCR kit, then cDNA as template to amplify heavy chain

and light chain of antibody variable region using primers

VL-back, VL-forward, VH-back, and VH-forward. The

PCR protocol involved an initial denaturation at 95°C for

5 min, followed by 35 cycles at 95°C for 1 min, 53°C for

1 min, and 72°C for 1 min, with final extension at 72°C

for 10 min. The amplification products were purified

using an agarose gel/DNA purification kit.

Construction of ScFv by SOE (splicing by overlap

extension). VH and VL DNA fragments were connected

by SOE to obtain scFv. The VL gene fragment was used as

a template for amplification of the VL fragment contain-

ing the XhoI site and a portion of the linker in the absence

Fig. 1. Structure of carbaryl.

Primer sequence

AGGTSMARCTGCAGSAGTCWGG

TGAGGAGACGGTGACCGTGGTCCCTTGGCCCC

GACATTGAGCTCACCCAGTCTCCA

CCGTTTGATTTCCAGCTTGGTGCC

CCGTTTTATTTCCAGCTTGGTCCC

CCGTTTTATTTCCAACTTTGTCCC

CCGTTTCAGCTCCAGCTTGGTCCC 

TACTCAGAATTCGCAGGTCCAACTGCAGGAGTC

TACTCACTCGAGCCGTTTTATTTCCAGCTTGGT

GGGGCCAAGGGACCACGGTCACCGTCTCCTCAGGTGGAGGCGGTTCAGGCGGAGGTG

GCTCTGGCGGTGGCGGATCGGACATTGAGCTCACCCAGTCTCCA

Name of primer

VH-Back

VH-For

VK-Back

MJK1-FONX

MJK2-FONX

MJK4-FONX

MJK5-FONX

VH-Back-EcoRI

VL-For-XhoI

Linker

Table 1. Primers used for cloning variable-region genes and generating the synthetic gene encoding scFv

Notes: S, M, R, and W are degenerate bases; they denote (G, C), (A, C), (A, G), and (A, T), respectively.
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of VL-For-XhoI and VL-back-linker. The VH fragment

was used as a gene template to amplify the VH fragment

containing the EcoRI site and a portion of the linker in

the absence of VH-Back-EcoRI and VH-forward-linker.

The PCR protocol used was the same as described above.

The amplified modified VH and VL fragments were then

overlapped to obtain the scFv gene using overlap exten-

sion PCR, resulting in the formation of the (Gly4Ser)3

linker from the overlapped gene portions residing between

the VH and VL fragments. The PCR protocol for the

overlap extension step involved an initial denaturation at

94°С for 5 min, followed by 10 cycles at 94°С for 45 s,

50°С for 1 min, and 72°С for 1 min, with a final extension

at 72°С for 10 min. Finally, the gene for the scFv fragment

containing the EcoRI and XhoI sites was amplified using

the primers VL-For-XhoI and VH-Back-EcoRI with the

same PCR protocol as used for cloning of the VL and VH

genes. The amplification products were purified with an

agarose gel/DNA purification kit [8, 9].

Construction of recombinant plasmid pET-26b-scFv.

The resulting ScFv was recovered using an agarose

gel/DNA purification kit and then digested by EcoRI and

XhoI and inserted into plasmid pET-26b. The recombi-

nants were transformed into E. coli JM109 competent

cells. The colonies were identified by colony PCR, and

then positive colonies were used for both restriction

enzyme analysis and sequence analysis. The sequences

were determined by a commercial facility (Genewiz

Biological Technology Co. Ltd, China).

Expression and characterization of anti-carbaryl pro-

tein. To analyze the activity of soluble anti-carbaryl scFv.

A positive colony was selected, and the recombinant plas-

mid was extracted and transformed into E. coli BL21

competent cells. The colony was cultured in 2× YT medi-

um containing 100 mg/ml ampicillin, and IPTG (1 mM)

was added to the medium when the OD600 reached 0.8-

1.0 to induce the production of the soluble scFv. The

medium was then incubated at 25°C with shaking at

200 rpm overnight followed by centrifugation at 5000g for

10 min, and the anti-carbaryl scFv existing in periplasm

was extracted using cold osmotic shock. The pellet was

resuspended with 1 ml of ice-cold 1× TES (0.2 M Tris-

HCl, pH 8.0, 0.5 mM EDTA, 0.5 mM sucrose), supple-

mented with 0.2× TES, and incubated on ice for 30 min,

followed by centrifugation at 12,000 rpm for 10 min at

4°С. The supernatant was analyzed for the presence of

soluble scFv by SDS-PAGE.

Specificity analysis of anti-carbaryl scFv. To deter-

mine the specificity of the anti-carbaryl scFv, an indirect

competition ELISA (ic-ELISA) method was used to con-

struct a standard curve. The ic-ELISA approach can be

described as follows: carbaryl-OVA was coated in 96-wells

plate (1 µg/ml, 100 µl/well) at 4°С overnight and then

blocked with 0.5% skim milk. The scFv was added to the

reaction wells and incubated at 37°C for 1 h, and 50 µl of

goat pAb to His-tag (HPR) solution (1 : 5000 in PBS) was

added to the wells. Then the enzymatic reaction was per-

formed with TMB as the substrate. After incubation for

20 min at room temperature, the absorbance was meas-

ured at 450 nm.

To further identify the specificity of anti-carbaryl

scFv, cross-reactivity was evaluated based on the scFv

using some carbaryl analogs. We determined the average

analyte concentration required for 50% inhibition (IC50)

and compared the values to the value from a standard

curve for carbaryl running on the same plate. Cross-reac-

tivity was calculated as follows:

Cross-reactivity (CR), % =

= IC50(carbaryl)/IC50(competitor) × 100%.

Homology modeling. SWISS-MODEL Workspace

[10] was used to identify a suitable template for determin-

ing the 3D structure of scFv by homology modeling.

Three different 3D structural models for anti-carbaryl

scFv were then generated using Modeller9 v2 [11] based

on the 3D structures of the templates. These models were

optimized by adding hydrogen atoms to each of them at

pH 7.0 and then using CHARMM all-atom force-field

minimization with the implicit solvent model set to none.

Energy was minimized for at least 1000 steps until the

gradient converged to 0.5 kcal/mol using the steepest

descent protocol available in Discovery Studio to remove

any steric clashes and to stabilize the models.

Ramachandran values were determined for subsequent

optimization of all five models using the SAVES [12] web

server, and the model exhibiting the best Ramachandran

score was retained for further studies [13].

Molecular docking. Docking of carbaryl antigen to

scFv was carried out using Discovery Studio software,

which is a fast automated docking program that is consid-

ered one of the most reliable bioinformatics tools.

Structure of carbaryl was drawn by ChemDraw3D soft-

ware. All water molecules from the scFv model structure

were removed, and hydrogen atoms were added. The active

site for docking was defined as all atoms within 6.5 Å radius

of the co-crystallized ligand; the default parameters in the

Discovery Studio Program module were used [14].

RESULTS AND DISCUSSION

Construction of anti-carbaryl pET-26b-scFv recom-

binant plasmid. Total RNA extraction. Total RNA of car-

baryl hybridoma cell line was extracted using the RNeasy

Midi kit according to the manufacturer’s instructions.

The results are shown in Fig. 2a. The 28S, 18S, and 5S

bands were clearly formed, which indicated total RNA

integrity was successful.

Amplification of VH and VL gene. By the primers for

different subgroups, nest PCR successfully amplified the
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different VH and VL DNA fragments. VH was about 340

bp, and VL was about 320 bp (Fig. 2b).

Construction of ScFv by SOE. The VH and VL frag-

ments containing linker overhangs were assembled by

splicing overlap extension PCR, and the electrophoresis

result showed that obtained scFv was about 750 bp

(Fig. 2c), which was as anticipated.

Positive clone selection, identification, and sequencing.

The scFv products and vector pET-26b were both digest-

ed with EcoRI and XhoI restriction enzymes. The digested

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

28S

18S

5S

2        1

a

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

1                    2                  3

b

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

1                  2           

c

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

1       2      3    4     5      6       7       8      9       10      11      12

10000 bp

6000 bp

5000 bp

3000 bp

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

3            2              1

d e

Fig. 2. Construction of anti-carbaryl pET-26b-scFv recombinant plasmid. a) Total RNA from hybridoma. Lanes: 1) marker 2000; 2) total

RNA from carbaryl hybridoma. b) PCR amplification of VH and VL. Lanes: 1) marker 2000; 2) VL gene; 3) VH gene. c) PCR amplification

of scFv gene. Lanes: 1) marker 2000; 2) scFv fragment of carbaryl. d) PCR detection of scFv-pET-26b positive clones. Lanes: 1) marker 2000;

2-12) colony products. e) Double enzyme validation.
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products were purified with a PCR product purification

kit and then ligated using the T4 DNA ligation enzyme.

The ligation products were transformed into E. coli strain

JM109 competent cells. Positive clone identification and

sequencing are shown in Figs. 2 (d and e) and 3.

Expression and identification of anti-carbaryl scFv.

The positive recombinant plasmid was used to transform

E. coli BL21 competent cells. When the OD600 reached

0.8-1.0, expression of protein was induced using IPTG

for overnight at 25°С. The periplasmic protein was

extracted by cold osmotic shock. As shown in Fig. 4, a

soluble protein of about 31 kDa was expressed as deter-

mined by SDS-PAGE.

Specificity of anti-carbaryl scFv. To identify the

specificity of anti-carbaryl scFv, indirect ELISA was

used, and each experiment was performed in triplicate. A

standard curve of ic-ELISA is shown in Fig. 5. The car-

baryl antigen was strongly recognized by the scFv, and the

binding activity was dose-dependent. The limit of detec-

tion (LOD) of dc-ELISA (IC15) was 0.04 ± 0.01 ng/ml.

The sensitivity of dc-ELISA (IC50) was 0.73 ±

0.06 ng/ml. Compared with earlier known antibodies,

this is lower than that of its original monoclonal antibody

and reported ELISA by polyclonal antibody [15], and a

somewhat higher than reported ELISA by monoclonal

antibody [16]. But the approach using scFv to prepare

immunoassay is simple and reproducible (with the ability

to store bacterial cells indefinitely). The production of a

Fig. 3. Sequence of anti-carbaryl scFv and partition.
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Fig. 4. SDS-PAGE analysis of the expressed products. Lanes: 1)

markers; 2) precipitate; 3) supernatant; 4) after induction; 5)

before induction.
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Fig. 5. Normalized standard curve obtained by ic-ELISA.
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soluble protein can be adapted to industrial scale and be

rapidly purified in one step.

The cross-reactivities of the scFv were determined

using optimized ic-ELISA (Table 2). The cross-reactivity

values of scFv with other pesticides were below 0.1%

except for 1-naphthyl (0.58%) and carbofuran (0.39%).

All these indicated that expression of anti-carbaryl scFv

had high specificity. 

Homology modeling. The 3D structure of the anti-

carbaryl scFv was built by homology modeling based on

the template crystal structure (PDB code: 1IGY). Models

generated using Modeller9 v2 were optimized and evalu-

ated. The best model of anti-carbaryl scFv and its

Ramachandran plot is shown in Fig. 6. The scFv is com-

posed of VH, VL, and linker, which is in accord with typ-

Compound

Carbaryl

1-Naphthyl

Carbofuran

Methomyl

Aldicarb

Isoprocarb

Phosphate

Pyrethrin

IC50, ng/ml

0.73

125.27

185.31

>1000

>1000

>1000

>1000

>1000

Cross-reactivity, %

100.00 

0.58 

0.39 

<0.10

<0.10

<0.10

<0.10

<0.10

Table 2. Cross-reactivity of the scF with other pesticides

in ic-ELISA

a b

Fig. 6. Three-dimensional model of scFv and Ramachandran plot. a) Three-dimensional model of anti-carbaryl scFv. b) Ramachandran plot

of the anti-carbaryl scFv model.

a b

Fig. 7. Anti-carbaryl scFv interaction with ligand. a) Structure of binding domain. b) Complex structure of carbaryl and scFv.

VH VL
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ical structure of single chain antibody. About 89.7% of the

amino acid residues are in most favored regions and 2.5%

in disallowed regions by the PROCHECK program. The

secondary structure of modeling is composed of 16 α-

helices, 93 extended strands, 23 β-turns, and 90 random

coils, which was determined by analysis using the Swiss

Model website (http://swissmodel.expasy.org/).

Molecular docking. The resulting structure of the

scFv (receptor) and the docked carbaryl molecule, cen-

tered on the docking active site, is shown in Fig. 7.

Accordingly, the carbaryl moiety is in the hydrophobic

pocket of the active site, with hydrophobic conditions

imposed on the carbaryl molecule. The binding domain is

mainly formed by Ser52, Ile51, Gly54, Ser56, Arg98,

Gly100, etc. Arg98 and Gly100 belong to VH-CDR2,

Ile51, Gly54, and Ser56 belong to VH-CDR3, Ala51 and

Ser52 belong to VL-CDR2. The naphthyl end of carbaryl

interacts with VH, the left benzene ring is buried in VH,

and Arg98 and Gly100 interact with it. Arg98 is a long

side chain residue, and its C–C and C–N bonds can

freely rotate to change conformation; these changes

affect affinity of scFv. The right benzene ring lies in a

groove; Ile51, Gly54, and Ser56 interact with it. The

methyl carbamate end of carbaryl interacts with VL, N1,

and Ala51, C11, and Ser52 interact respectively. C12 and

O2 are warped and naked out of the groove.

The VL and VH genes of an anti-carbaryl antibody

were cloned and assembled using a linker. The anti-car-

baryl scFv recombinant fusion protein was expressed in E.

coli strain BL21 by IPTG induction. Anti-carbaryl scFv

demonstrated high specificity with ic-ELISA, and cross-

reactivity was determined.

To date, the 3D structure of anti-carbaryl antibody

has not been solved, and for the first time, to the best of

our knowledge, the 3D structure of anti-carbaryl scFv was

constructed based on the known crystal structure of phe-

nobarbital antibody (PDB ID: 1IGY). The docking

results revealed that residues form a hydrophobic groove

from H-CDR2, H-CDR3, and L-CDR2, and the car-

baryl molecule and is firmly retained in it. The active

binding site is composed of residues of Ser52, Ile51,

Gly54, Ser56, Arg98, Gly100, etc. In conclusion, this

study will be helpful for further experimental analysis of

anti-carbaryl antibody and its binding affinity with lig-

ands.
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