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Molecular and Immunochemical Characteristics of Monoclonal
and Recombinant Antibodies Selective for the Triazine
Herbicide Simetryn and Application to Environmental Analysis
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A monoclonal antibody (mab) selective for the thiomethyl-s-triazine herbicide simetryn was obtained
and characterized in enzyme-linked immunosorbent assay (ELISA). An ICs, value for simetryn was
8.5 ng/mL, and the detection range extended from 1.1 to 70 ng/mL in ELISA. The cDNAs encoding
variable heavy chain (VH) and variable light chain (VL) of the mab were cloned to produce various
recombinant antibodies. Single-chain variable fragment (scFv) antibodies derived from the mab were
characterized in ELISA and showed similar reactivities and specificities to the parent mab. A urea
denaturation test revealed that the scFv antibodies bound to simetryn were more stable than those
in the absence of antigen. A sandwich ELISA based on VH and VL fragments of the mab was
successfully developed and showed similar sensitivity to those based on the mab and scFv antibodies
in ELISA. In the recovery experiments using spiked environmental samples, the results obtained in
ELISA based on the mab were favorably correlated with those by HPLC.
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INTRODUCTION other hand, immunoassay is a cost-effective and relatively simple
method that can handle a lot of samples in a short time. The
use of monoclonal antibody (mab) has some advantages such
as the homogeneity of affinity and specificity to an antigen.
Moreover, cloning and expression methods of antibody genes
have opened the opportunities for antibody engineerBjg (
Production of recombinant antibodies in bacterial culture is even
readily available and less expensive than that of mabs in animal
cell culture. Gene manipulation is also available to alter the
property of recombinant antibodies. Triazine herbicides such
as atrazine are one of the most extensively investigated groups
for environmental analysis by immunoassays and for develop-
ment of recombinant antibodies (9—13).

In this paper, we attempted (1) to produce anti-simetryn
monoclonal and recombinant antibodies, (2) to investigate the
concentration levels of simetryn in the surface water. molecular and immunochemical characteristics of the antibodies

in enzyme-linked immunosorbent assay (ELISA), and (3) to

uantification of simetryn residues in environmental samples =~ . ; :
ha(s? been carried out b?// instrumental methods such asp gasvahdate the ELISA system for the detection of simetryn residues

chromatography (56) or high-performance liquid chromatog- In the environmental water samples.
raphy (HPLC) 7). However, these methods require time-
consuming cleanup steps and expensive equipments. On thd/ATERIALS AND METHODS

Chemicals and Biochemicals.Simetryn [2,4-bis(ethylamino)-6-
* To whom correspondence should be addressed. Telephone: (530) 754-methylthio-1,3,5-triazine]Rigure 1) and other triazine herbicides were

The triazine group of herbicides is the most well-known and
has been widely used for more than 40 years in the world. These
chemicals inhibit photosynthesis in plants by blocking the
electron transfer at the reducing site of chloroplast photosystem
Il electron transportX). The thiomethyk-triazine herbicide
simetryn introduced in 1969 in Japan is one of the principal
herbicides used for control of broad-leaved weeds in paddy
fields. Paddy fields for rice cultivation make up 55% of total
farmland in Japan (2), which are some of the most important
sources of environmental water pollution by pesticides because
of easy runoff into rivers after the applicatiod) (Simetryn has
relatively high water solubility (450 mg/L}§ and is of concern
with respect to the influence to human health and aquatic
organisms (56). Therefore, it is necessary to know the actual

88?“‘{0'?)?&#?/3;%”@52‘1537- E-mail: knishi@ucdavis.edu. purchased from Kanto Chemical Co., Inc. (Tokyo, Japan) or Wako
+ Present address: Department of Entomology, University of California, Pure Chemlcal Industries, Ltd. (Qsaka}, Japan). Slmetryn haptens S1

One Shields Avenue, Davis, CA 95616. and S2 _(Flgure 1) were sy_nthe5|zed in Otguka Chemlcal_ Co., Ltd.
§ Otsuka Chemical Co., Ltd. (Tokushima, Japan). Rabbit serum albumin (RSA), bovine serum
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Japan). DNA and deduced amino acid sequences were analyzed using

|
)S\ a DNA sequence analysis software, Genetyx-Mac 7.3 (Software
NN Development Co., Tokyo, Japan).
| . . . ) .
/\N)\N/)\N/\ Constructions of Expression Plasmids for Various Recombinant

Antibody Genes.On the basis of the nucleotide sequences of cDNA

HSimetryn H clones coding for VH and VL domains of an anti-simetryn mab,
synthetic oligonucleotides were designed to construct various recom-
é binant antibody genesTéble 1). Two sorts of single-chain variable
Py fragment (scFv) genes (HL and LH types, $égure 2) with a flexible
l\f N peptide linker (GlySer}y (21, 22) were constructed by PCR as
/\N)\N/)\NWOH previously describedl®). In addition, three kinds of LH type of scFv
H H o genes containing a peptide linker consisting of Skr, (GlySer),

Simetryn hapten 1 (51) and (GlySer), different in the length were constructed with the primers
o listed in Table 1. The VH and VL fragment geneg&i@ure 2) were
/\)J\ also constructed with the primers (Table 1) as described previously
OH (23). These constructed antibody genes were ligated into pT7Blue

NN T-vector and transformed int®. coli JM109 cells for DNA sequencing.

B /)\ The scFv antibody and VH fragment genes were recovereNhsj/
NTONTOINTTS Ncol digestion from recombinant plasmids containing no deletion or
H H substitution of nucleotides and ligated into a similarly restricted
Simetryn hapten 2 (S2) expression vector pET-27b. The VL fragment gene was recovered by
Figure 1. Chemical structures of simetryn and two haptens synthesized Bpul102I/Ncol digestion from plasmids as well and ligated into a

similarly restricted vector pET-27b. These expression plasmids con-
structed (Figure 2) were each transformed into host sti&incoli
albumin (BSA), and mouse anti-FLAG tag mab were purchased from BL21(DE3)pLysS cells for isopropy#-o-thiogalactopyranoside (IPTG)-
Sigma Chemical Co. (St. Louis, MO). Keyhole limpet hemocyanin induced expression. The prepargtlon of.recompmant annbodugs was done
(KLH) and anti-mouse IgG antibody conjugated to horseradish per- @S _descrlbed prgwouslﬂ@. Periplasmic fra_lctlons of recombinaht
oxidase (HRP) were obtained from Pierce Biotechnology, Inc. (Rock- Coli cells were directly used as a scFv antibody, VH fragment, or VL
ford, IL). Block Ace was obtained from Dainippon Pharmaceutical Co., fragment in ELISA.
Ltd. (Osaka, Japan). DNA polymerase was purchased from BD Immunoblot Analysis. A total of 10ug of periplasmic proteins was
Biosciences Clontech (Palo Alto, CA). DNA restriction endonucleases Separated in a 12% SB$olyacrylamide gel (24). After transfer to a
were purchased from Takara Bio, Inc. (Shiga, Japan). Mouse anti-HSV Polyvinylidene  fluoride membrane (GE Osmonics Labstore,
tag mab, pT7Blue T-vector, and pET-27b bacterial expression vector Minnetonka, MN), the membrane was probed with an anti-HSV mab
were obtained from Novagen, Inc. (Madison, W1). All other chemicals (0-2u4g/mL). The anti-HSV mab specifically binds to a HSV-tag peptide
and organic solvents were purchased from Nacalai Tesque, Inc. (Kyoto, Seduence (SQPELAPEDPED) at the C-terminal region of scFv antibody
Japan). or VH fragment. Immunoreactive proteins were visualized using
Preparation of Hapten—Protein Conjugates.Simetryn haptens S1 nitroblue tetrazolium and 5-bromo-4-choloro-3-indolyl phosphate as a
and S2 were covalently attached to carrier proteins BSA, RSA, and substrate.
KLH by the mixed anhydride method4) with some modifications as ELISA Based on mab. Each well of microtiter plates (Maxisorp,
described previously (15). The resulting conjugates were used asNunc, Roskilde, Denmark) was coated with 10D of S1-RSA (2
immunogen for mice, except for SRSA and S2-RSA used as coating ~ #g/mL) in phosphate-buffered saline (PBS: 10 mM phosphate, and

for this study.

antigen in ELISA. 0.9% (w/v) NaCl at pH 7.2) overnight at4C and blocked with 25%
Production of mabs. Five-week-old BALB/c female mice (Japan  Block Ace in PBS overnight at 4C. After the plates were washed
SLC Inc., Shizuoka, Japan) were immunized with-81LH, S1-BSA, with PBS, 50uL of standard solutions or samples and:800f a mab

S2—KLH, or S2—BSA as described previousl§$). Their splenocytes were added to each well, followed by an incubation Tch at 25°C.

were fused with P3-X63-Ag8.653 myeloma cell$) according to the ~ After washing, 10QcL of anti-mouse 1gG conjugated to HRP antibody

method by Kéhler and Milsteinl() and screened for binding ability ~ diluted 1:2000 in PBS containing 10% Block Ace (PBS-B) was added

of their secreting antibodies toward simetryn as previously described and incubated for 1 h at 25C. After washing, 10QuL of enzyme

(15, 18). Culture supernatant of cloned hybridoma cells was used as substrate (2 mg/mlo-phenylenediamine in 0.1 M phosphate-citrate

an anti-simetryn mab in ELISA. Isotype of a cloned mab was buffer at pH 5.0, containing 0.03%8,) was added and incubated

determined with anti-mouse subclass specific antiserum (Bio-Rad for 10 min at room temperature. The enzyme reaction was stopped by

Laboratories, Hercules, CA) according to the instructions of the the addition of 5QuL of 4 N sulfuric acid, and the absorbance was

manufacturer. read in a dual-wavelength mode (49230 nm) in a microplate reader
Cloning of cDNAs Coding for Variable Domains of an Anti- MTP-120 (Corona Electric Co., Ltd., Ibaraki, Japan).

Simetryn mab. Recombinant DNA techniques were done according ~ ELISA Based on scFv Antibody (Figure 3A). The ELISA assay

to the standard procedurekd). A mRNA fraction was extracted from  was performed as described above, except for the addition of 50

3 x 10" hybridoma cells using a QuickPrep micro mRNA Purification ~ a scFv antibody in place of a mab with an incubationXd at 25 °C,

Kit (Amersham Biosciences, Buckinghamshire, U.K.) according to the followed by washing and adding 1@ of an anti-HSV mab (0. g/

instructions of the manufacturer and reverse-transcribed. Specific ML) in 2x PBS containing 10% Block Ace with another incubation

amplification of cDNA fragments coding for the variable heavy chain for 1 h at 25 °C.

(VH) and variable light chain (VL) of an anti-simetryn mab was done ELISA Based on VH and VL Fragments (Figure 3B).The ELISA

by the B-rapid amplification of cDNA end (RACE) method using a assay was performed in the same method as that used for the assay

SMART-RACE cDNA Amplification Kit (Clontech) with two gene- based on scFv antibody, except for the addition of25of VL

specific primers (GSPs) for Ig6(5'-GGAGGAACCAGTTGTATCTC- fragment and 2L of VH fragment in place of a scFv antibody with

CACACC-3) andk chain (3-AGATGGATACAGTTGGTGCAGCAT- an incubation fo 1 h at 25°C, followed by washing and adding 100

CAGC-3'). Amplified cDNA fragments were cloned into pT7Blue uL of an anti-FLAG mab (lug/mL) in PBS-B with an incubation for

T-vector and transformed into compet&scherichia coldM109 cells 1 h at 25°C. The anti-FLAG mab specifically binds to a FLAG-tag

for DNA sequence analysis. peptide sequence (DYKDDDDK) at the C-terminal region of the VL
DNA Sequence Analysislnserts of recombinant pT7Blue plasmids  fragment.
were sequenced by the dideoxy metha20)(in an automated Sandwich ELISA with VH and VL Fragments (Figure 3C). A

fluorescence-based DNA sequencer 5500-L (Hitachi, Ltd., Tokyo, total of 100uL of the VH fragment was immobilized via His tag on
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Table 1. Primers Used in This Study?

primer nucleotide sequence (5'-3')
primer 1 CCATGGATGATGTACAGCTTCAGGAGTCAGGAC
primer 2 GCTAGCCCGTTTGATTTCCAGCTTGGT
primer 3 AGAGCCACCTCCGCCTGAACCGCCTCCACCTGCAGAGACAGTGACCAGAGTCC
primer 4 GGCGGAGGTGGCTCTGGCGGTGGCGGATCGGATGTTGTGATGACCCAAAGTCC
primer 5 CCATGGATGATGTTGTGATGACCCAAAGTCC
primer 6 GCTAGCTGCAGAGACAGTGACCAGAGT
primer 7 AGAGCCACCTCCGCCTGAACCGCCTCCACCCCGTTTGATTTCCAGCTTGGT
primer 8 GGCGGAGGTGGCTCTGGCGGTGGCGGATCGGATGTACAGCTTCAGGAGTCAGGA
primer 9 GCTCAGCTTTATCATCATCATCTTTATAATCCCGTTTGATTTCCAGCTTGGT
primer 10 AGAGCCACCTCCGCCCCGTTTGATTTCCAGCTTGGT
primer 11 GGCGGAGGTGGCTCTGATGTACAGCTTCAGGAGTCAGGA
primer 12 AGAGCCACCTCCGCCTGAACCGCCTCCACCTGAACCGCCTCCACCTGAACCGCCTCCACCCCGTTTGATTTCCAGCTTGGT
primer 13 GGCGGAGGTGGCTCTGGCGGTGGCGGATCGGGCGGTGGCGGATCGGATGTACAGCTTCAGGAGTCAGGA

4 SMT3110scFv/HL gene was constructed with primers 1-4. SMT3110scFv/LH gene was constructed with primers 5-8. The VH fragment gene was constructed with
primers 1 and 6. The VL fragment gene was constructed with primers 5 and 9. SMT3110scFv/L5H gene was constructed with primers 5, 6, 10, and 11. SMT3110scFv/L10H
gene was constructed with primers 5, 6, 8, and 10. SMT3110scFv/L20H gene was constructed with primers 5, 6, 12, and 13.

Nco | Nhe | (A)
T7 Pro | | T7 Ter
(A) MHpeB[ vH H vi [HSV[Hishil- Anti-HSV mab
Linker Bpu1102l HSV tag
Ncol Nhel
T7 Pro_| | T7 Ter b
(B) —WHeeB vi E VvH [HsV] Hisrrl— 5 HRP-labeled ant-
Linker Bpu11021 ) mouse IgG antibody
Nlco[ Nlrel
T7 Pro T7 Ter
(C) —HeeB[ _VvH__ |HSV[His |TI— plaRea
Bpu1102l (B)
Ncol Bpu1102] Anti-FLAG mab
T7 Pro | | T7 Ter \
(D) —WHeeB[ vi  FiAc—- 5
Figure 2. Construction of the recombinant antibodies SMT3110scFv/HL, (% Al
SMT3110scFv/LH, and VH and VL fragments. T7 pro, T7 promoter; T7 2/ FLAG tag

ter, T7 terminator; pelB, peB leader; HSV, HSV tag; His, 6x histidine
tag; FLAG, FLAG tag. Ncol, Nhel, and Bpul102l are restriction sites. (A) (C)
SMT3110scFv/HL. (B) SMT3110scFv/iLH. (C) VH fragment. (D) VL

fragment. >

nickel-nitrilotriacetic acid (Ni-NTA)-coated microtiter plates (Qiagen
GmbH, Hilden, Germany) and blocked with 3% (w/v) skim milk in ,
PBS. After washing, 5@L of simetryn standard solutions and &0 C W
of VL fragment were added and incubated fb h at 25°C. The Ni-NTA 'i} !
continuation was performed in the same method as that used for the e
ELISA based on VH and VL fragments. ] - o
Comparison of Intrinsic Stability of scFv Antibodies by Urea Flgur_e 3. Conceptual representation of the_thre_e ELISA formats utilized
Denaturation. For the investigation of stability, scFv antibodies were N this study. (A) ELISA based on scFv antibodies. (B) ELISA based on
purified from periplasmic extracts with Ni-NTA resin (Qiagen GmbH, FV fragments. (C) Sandwich ELISA based on the VH and VL fragments.
Hilden, Germany) according to the instruction of the manufacturer and  gnvironmental Samples. River water samples (Kanzaki River,
dialyzed against 50 mM phosphate buffer containing 2 M ammonium pyago. Japan), rice paddy water samples (experimental paddy field in
sulfate (pH 7.4) fo 3 h at 4°C. Then, samples were applied to  kope University, Hyogo, Japan), and tap water samples (city water,
hydrophobic _chromatography using a TSK gel Ether-5SPW column 40, Japan) were spiked with simetryn at 5, 10, and 50 ng/mL. For
(Tosoh Co., Tokyq, Japan) as descrllbed py Monmotp and Inckfye (. ELISA determination, spiked water samples were directly determined
The scFv antlbodles_ were eluted with a linear gradient of ammonium \ithout any preparation. For HPLC analysis, the solid-phase extraction
sulfate from 26 0 M in 50 mMphosphate buffer at a flow-rate of 0.5 (SpE) method was employed. Spiked water samples (250 mL) were
mL/min. passed through a Sep-PaksCartridge (Waters Co., Milford, MA)
Urea-induced denaturation was analyzed by measuring the intrinsic conditioned with acetonitrile, deionized water, and acetonitrile/water
fluorescence emission spectra of scFv antibodies because of the shif3:7 by volume). Elution was performed with 7 mL of acetonitrile,

Simetryn

tag

of maximum fluorescence emission from protei@$§,(27). After an and eluates were evaporated to dryness. Finally, the residues were
overnight incubation of the scFv antibodies in 20 mM HEPES buffer reconstituted in 2 mL of methanol and analyzed by HPLC.
(pH 7.4) containing 150 mM NaCl, 1 mM EDTA, and-@ M urea in Soil samples (experimental paddy field in Kobe University, Hyogo,

the presence or absence of the antigepdAnL simetryn) at £C, a Japan) were fortified with simetryn at 500, 1000, and 5000 ng/g. Spiked
fluorescence emission spectrum was scanned from 320 to 380 nm atsoil samples (10 g) were shaken for 30 min with 20 mL of methanol,
280 nm of an excitation wavelength in a fluorescence spectrophotometerfollowed by centrifugation for 10 min at 150 and this extraction
F-2500 (Hitachi, Ltd., Tokyo, Japan). Denaturation curves were obtained step was repeated again. For ELISA, the methanol extracts were
by plotting the normalized wavelength shift of maximal fluorescent subsequently diluted to 1:10 with distilled water and the diluted solution
intensity versus the urea concentration. was used for the analysis. For HPLC analysis, methanol extracts were
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100 (A)
SMT3110 1 DVOLOESGPGLVEPSHSLSLTCEVTGYSITSGYYWNWIRQFEGNELEWMG 50
IPR-7 1 E----Q-PGE----GA-MKIS-KAS---F-.--TM--VK-SH-KN---I- 49
K411B 1 Q=K==Q==-@===0. . A........ 5-FT.S5D.VWMD-V--5-EKG-~--VA 3B
— ATR3S 1 QQ==V===GR==T-G3E==T==-T-5-IDLSRNA MEG-V=-=-RA=-=-EG=-==-I=~ 49
§ G3 1 QE--V---GR--T-GTP-T---T-5-F-L5-.--M8-V--A--KG---I- 49
- 50 4063 1g-----------A--0---I--T-5-F-L-N.-NLOQ-V--P--KG---L- 49
o
4] SMT3110 51 ¥II..YDGSNNY.NPSLKNRISITRDTSENQFFLNLNSVTTEDTATYYCT 397
IFR-T7 50 L=-NP.-N-GTS-.-QKF-GKATL-V-K-SSTAYME-S8-L-F=-=8-V-F=-A 837
KE411B 39 E-RNKANNHAA-YARE-V-G-FTVS--D--SNVY-HM--LRP-D-GI---- a8
ATR3S 50 T--VGGST...-YA.-W.AKGRFSISKTSTTVD-KIT-P--------F-A 94
G3 50 T-S5SGGGNE..WYA.-W.AKGRF-ISKTSTTVD-KIT-P--------F-& 85
0 : ‘ 4063 50 I-WPGGTTN..-.-SA-MS-LT--K-N-LS-V--KM--LRSD---M---A 96
0.01 01 1 10 100 1000
SMT3110 98 IFSTTSAY........ WGQGTLVTVSA 1le
Simetryn concentration (ng/mL) IPR-7 98 RGNNPYY-AMD.Y...----- T----, 119
. e . . K411B BS RH-..YR-DGFAY...---........ 102
Flgure 4. Inhibition curves of mab, ScFv amlbodles, and Fv fragments ATR3S 95 SYASGFGOYKINYFYM---------- : 120
for simetryn in ELISA. The assay was performed as described in & S e e | i
. 4063 97 SYH. . YGVA...¥Y..,.===== T====8 115
the Materials and Methods. SMT3110 (M), SMT3110scFv/HL (O),
SMTs3110scFv/ILH (@), and Fv fragments of SMT3110 (O). (B)
SMT3110 1 DVVMTQSPLSLSVGLGDOASISCTASQSLVHSNGNTYLHWYLOKPGQSFE 50
evaporated and redissolved in 10 mL of methanol/water (1:1 by Ier-7 1 -IEL------- P-S--------- RS----L--8-¥-F------------- 50
o4 H H K411B et a e A==A=8==QR=T===R==E=,  =DI¥==8FM===Q=====P== 41
volum_e). Then, the purification using SPE method was performed as .- 0 e et s i B ST o
described above. a3 1 EL----T-A-VE-AV-GTVT-K-Q----IG.-0....-8--0Q--5§--R-- 45
HPLC Analysis. An HPLC system with an UV detector (Hitachi)  ¢9¢3 1 S IELG==SATMERSE ERVIMI 87 8-VI= o 2 onid MN--Q--8RT--- 44
eqUIpped Wlth a COSmOS"lgCOIUmn (45X 150mm7 Nacalal Tesque‘ SMT3110 51 LLIYKEVSEMRFSGVPDRFSGEGESGTDFTLEISRVEAEDLEVYFCAQSTHE . 539
Inc., Kyoto, Japan) was used for the analysis of simetryn. The flow 1pr-7 51 --ooTeooFommma §----vV. 99
rate of the mobile phase was 1.0 mL/min with a sample injection *41E 42 ----RA--LET-I-A-------R-----T-NP---D-VAT---Q--KSA. 90
. ATR35 47 ----GA-TLA----5--K------0---T--D-QCD-ABAT-Y--GG..YR 94
volume of 10 L. HPLC conditions were as follows: column a3 46 ----RA-TLA---SS--K----------T--G-QCD-AAT-Y¥-Q-GFTSN 95
temperature, 40°C; mobile phase, acetonitrile/water 75:25 to 20:80 for 40&3 45 -W--DT-KLP----G-------- N§-§-T--SM----VAT-Y-F-GSGY. 93
30 min. Simetryn was detected at a wavelength of 230 nm. B T e ———— S5
IPR-7 100 -.AL---A-------- 114
K411B L e 104
RESULTS ATR3E 9% -HT-A-===- --R- 110
. . - - . G3 96 MNIENP E-V i 111
Production and Characterization of Anti-Simetryn mab. T P . o5

Six female mice were immunized with SBSA or S1—-KLH,
and four mice were immunized with SBSA or S2-KLH. regions of six anti-triazine antibodies. (A) VH domain. (B) VL domain.
After a series of boosts, all mice immunized with S1 conjugates garg ingicate the same residues with SMT3110, and dots were inserted
showed a good antibody titer and reactivity to simetryn. ;5 navimize the alignment.

However, mice immunized with S2 conjugates exhibited an

insufficient antibody titer, and three of four antisera raised coding for VH and VL domains of SMT3110, cDNAs were
against S2 conjugates did not react to simetryn. Cell fusion Was gy nthesized from mRNA isolated from hybridoma cells. The
performed between myeloma cells and spleen cells from the g p ACE method was performed with GSPs for lg6r « chain.
immunized mice, and several hybridoma cells were cloned by 11,5 5 mpjified cDNA fragments with an expected length of about

tr_]e limiting dilution method. The most reactive mab with gn5q bp were confirmed by an agarose gel electrophoretic
simetryn was named SMT3110 that was derived from the mouse 5,y sis Nucleotide and deduced amino acid sequences of the

immunized with S1—KLH. An isotyping experiment revealed \,4 and VL domains of SMT3110 were deposited in the
thaththe Isotype of SMTStloswaz Ig%and" Chﬁ'ns' ed | GenBank/EMBL/DDBJ databases under the accession number
The anti-simetryn mab SMT3110 was characterized in z\g100168 (VH of SMT3110) and number AB100169 (VL of
ELISA. The assay conditions of ELISA were optimized as SMT3110). The cDNA coding for the VH domain of SMT3110
described in the Materials and Methods. The values of absorb-comprises 348 bp encoding 116 amino acid residues and is a
?rlllce .werfe conlverted 18/B, (%) values according to the member of mouse subgroup IA according to the classification
oflowing formuia. of Kabat (29). The VL gene comprises 339 bp encoding 113
B/B, (%) = (A — AycecPo — Aurces) X 100 amino acid residues, belonging to subgroup II.
Xees xees Amino acid sequences coding for both VH and VL domains
whereA is a value of absorbance for each sample or standard,of SMT3110 were compared with other recombinant antibodies

Figure 5. Comparison of the deduced amino acid sequences of variable

A is a value of absorbance for the zero standard,/Rpdssis specific fors-triazine herbicides previously reported (9—13) as
a value of absorbance for an excess of analyte. A standard curveshown inFigure 5. The clones G3 (9) and ATR35 (12) were
of SMT3110 toward simetryn in ELISA is shown Figure 4. isolated from rabbits, whereas the clones 406%,K411B (11),

An ICsg (concentration of analyte giving 50% inhibition) value and IPR-7 {3) were derived from mice. These antibodies are
for simetryn was 8.5 ng/mL, and the detection range was from mainly targeting atrazine. The identities of amino acid sequences
1 to 70 ng/mL. When the competitive reaction was performed in the VH domain between SMT3110 and each of the others
at a low temperature of 4C, an increased sensitivity of the were 41-56%. The VL domain of SMT3110 shared-43%
assay was found (data not shown). However, the assay proceduref the identities with each of the other astitriazine herbicide
became complicated, and the reproducibility was lower than antibodies, except for IPR-7 with a high identity of 85%. The
that obtained at 23C. Therefore, the competitive reaction was amino acid sequences of framework region (FR) 2 and FR3 in
performed at 25C. The immunoassay method using S1 hapten VL domains between both SMT3110 and IPR-7 were com-
and the mab SMT3110 is now patented in Jagz8).( pletely identical to each other. There was only one amino acid

Cloning and Sequence Analysis of cDNA Clones Coding  difference between SMT3110 and IPR-7 in FR4 and comple-
for the Variable Domains of SMT3110.To clone the genes  mentarity-determining region (CDR) 2 of VL domains.
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37 kDa—

25 kDa—

Figure 6. Immunoblot analysis of periplasmic production of scFv antibodies
with various lengths of a linker in E. coli cells. Proteins were separated
by SDS-PAGE and electrotransferred to a membrane. Lane 1,
SMT3110scFv/L5H; lane 2, SMT3110scFv/L10H; lane 3, SMT3110scFv/
LH; and lane 4, SMT3110scFv/L20H.

Production and Characterization of Anti-Simetryn scFv
Antibodies. The cDNAs coding for VH and VL domains of

SMT3110 were allowed to self-prime through the complemen-

Nishi et al.

100 -
g
& 50
P
o
0.01 01 1 10 100 1000

Simetryn concentration {ng/mL)
Figure 7. Inhibition curves of scFv antibodies with various lengths of a
linker for simetryn in ELISA. The assay was performed as described in
the Materials and Methods. SMT3110scFv/L5H (O), SMT3110scFv/L10H
(mm), SMT3110scFv/LH (@), and SMT3110scFv/L20H ().

Table 2. Cross-Reactivity of the mab SMT3110 and SMT3110scFv/LH

tary region of a peptide linker sequence in the PCR reaction with Various s-Triazine Compounds in ELISA

using the primers designed to contain a restriction enzyme site

(Ncol or Nhel) and a part of the peptide linker. The VH and
VL domains were connected as Vinker—VL (SMT3110scFv/
HL) and VL—linker—VH (SMT3110scFVv/LH) configurations.

Construction of scFv genes expected to be 750 bp was confirmed
by the agarose gel electrophoretic analysis. The scFv genes

confirmed to include no errors during PCR amplifications were

inserted into pET-27b expression vector. To obtain scFv protein,

the constructed expression plasmids were transformedEnto

coli BL21(DE3)pLysS strain cells. The scFv gene expression

was induced by the addition of 1 mm IPTG, followed by
extraction from recombinari. coli periplasm by osmotic shock.
The binding activity of scFv antibodies to simetryn was
determined in ELISA as shown figure 3A. Standard curves
of the parent mab, SMT3110scFv/HL, and SMT3110scFv/LH
were shown inFigure 4. The 1Go values of SMT3110scFv/
HL and SMT3110scFv/LH for simetryn were 12 and 5.8 ng/

mL, respectively. The result showed that both scFv antibodies

have similar reactivity to the parent mab {ialue= 8.5 ng/
mL) toward simetryn. The order of linkage of variable domains

seemed not to affect the reactivity of SMT3110scFv antibodies.
The gene encoding SMT3110 and the immunoassay method

using SMT3110scFv are now patented in Japz0).(
Investigation of the Length of a Peptide Linker of
SMT3110scFv Antibodies.To investigate the effects of a

peptide linker covalently connecting both variable domains on

antigen binding, three different variants containing a linker
different in the length (SMT3110scFv/L5H, SMT3110scFv/
L10H, and SMT3110scFv/L20H) were additionally produced.
The expression of these scFv genesHn coli cells was

X

.
R4 )\ /)\ Ry
\N N/
H H

N

SMT3110scFv

Mab SMT3110 /LH

ICsy CR® ICsy CR®

-R, -Ry -X compound (ng/mL) (%) (ng/mL} (%)
CH,CH; CH,CH; SCH; simetryn 8.5 100 5.8 100
CH.CHj3; CH(CH3)» SCH; ametryn 76 12 85 6.8
CH.CH; CH(CH3;)CH SCH; dimethametryn 61 14 110 5.3

(CHs)2

CH(CH3z); CH(CHaz): SCH; prometryn 850 1.0 760 0.8
CH,CH; C(CHa); SCH; terbutryn 66 13 37 16
=] C(CHs) SCH;  irgarol 27 31 16 36
CH>CH3 CH,CH; OCH; simeton 270 3.0 160 3.6
CH:CH; CH.CH; Cl simazine 3900 0.2 45060 0.1

CH>CH; CH(CH3), Cl atrazine 8400 0.1 >5800 <O0.1

CH,CH; CH,CH; OH 2-hydroxysimetryn >106000 <0.1

CH-CH; H OH 2-hydroxy-4- >10000 <0.1
desethylsimetryn

H OH 2-hydroxy-4,6- >10000 <0.1

didesethylsimetryn

2 Cross-reactivity.

is shown inTable 2. Both antibodies showed over 30% cross-
reactivity with irgarol, which is an antifouling agent used as an

confirmed by an immunoblot analysis with periplasmic extracts additive in boat paints. More than 5% cross-reactivity was
as shown irFigure 6. Each band was observed at the expected observed with the other thiomethgitriazine herbicides, except
position of the size. These scFv antibodies were compared withfor prometryn. Both antibodies did not exhibit significant cross-

respect to the reactivity toward simetryn in ELISA (Figure 7).
The 1Gg values of SMT3110scFv/L5H, SMT3110scFv/L10H,

reactivity with chloro-s-triazine herbicides and simetryn me-
tabolites. The SMT3110scFv/HL also showed similar cross-

and SMT3110scFv/L20H were 13, 11, and 9.4 ng/mL, respec- reactivity profiles (data not shown).

tively, showing that SMT3110scFv/LH (5.8 ng/mL) is the most
sensitive among all variants tested in ELISA.

Cross-Reactivity. Cross-reactivity of SMT3110 and
SMT3110scFv/LH was determined by comparing sdC
values for various triazine compounds in ELISA. Calculation
was done by the below formula:

cross-reactivity (%F
(ICy, for simetryn/IG, for a tested compoundy 100

Reactivity of Fv Fragments with Simetryn in ELISA. To
analyze the interaction between both variable domains, VH and
VL fragments of SMT3110 were separately prepared. Expres-
sion of the genes in recombinakt coli cells was confirmed
by immunoblot analysis (data not shown). Fv fragments of
SMT3110 were characterized in ELISA. Binding activity of Fv
fragments toward simetryn was observed in the case of
co-incubation of both VH and VL fragments as showifrigure
3B. A standard curve is shown Figure 4, and the 1G, value
was 11 ng/mL. When either VH or VL fragment was absent,

The result of cross-reactivity tests with the triazine compounds the other fragment did not bind to the immobilized antigen by
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Figure 8. Standard curve of the VH and VL fragments for simetryn in
sandwich ELISA. The assay was performed as described in the Materials

and Methods.

Simetryn concentration {ng/mL}
Figure 10. Matrix effects on the reactivity of SMT3110 with simetryn in
ELISA. Standard solutions were prepared in PBS (@), tap water (O),
river water (M), paddy water (O), PBS containing 10% methanol (a),

5101

E 1 580 = ? FLAL soil extracts diluted with water in 1:10 (a).
£ .
é = . : * Table 3. Results from the Determination of Simetryn in Spiked
- g ", Environmental Samples
0
£ o m® spiked
@ o m® concentration mean + SD recovery Ccv
E B pe sample (ng/mL) (ng/mL) (%) (%)
g S e river water 5 5510 110 12
S m * (n=9) 10 98+1.0 98 10
gu=8-a 50 50+4 101 8
01 2 3 4 5 6 7 8 rice paddy water 5 5106 101 11
Urea concentration (M) (n=9) ég 95§ f 411.0 lgg 1;
Figure 9. Comparison of intrinsic stabilities of SMT3110scFv/HL and tap water 5 45405 90 11
SMT3110scFv/LH by urea denaturation. SMT3110scFv/LH without simetryn (n=29) 10 11+1 109 10
(O), SMT3110scFv/LH with simetryn (@), SMT3110scFv/HL without _ 50 49+4 97 9
; o soil 500 430 £ 50 95 11
simetryn (), and SMT3110scFv/HL with simetryn (H). (n=9) 1000 980 + 40 08 p
5000 4800 £ 200 96 4

itself. The results showed that the ELISA based on Fv fragments
had a similar sensitivity to that based on scFv antibodies toward
simetryn.

in distilled water. Each standard curve was compared to that in

Noncompetitive Sandwich ELISA with the VH and VL PBS or PBS containing 10% methanol as a conffa\fre 10).
Fragments. We attempted to develop a sandwich ELISA with  |n the case of water samples, standard curves obtained with
VH and VL fragments without any competition to haptens. After samples agreed with the PBS control. In the case of soil samples,
the VH fragment was immobilized onto microtiter plates via a standard curve obtained with samples agreed with a control
Ni-NTA, the VL fragment was co-incubated with simetryn prepared with PBS containing 10% methanol. Therefore, the
(Figure 3C). The assay result revealed that the VH fragment ELISA could be used for river water, rice paddy water, tap
interacts with the VL fragment via simetryn. A standard curve water, and soil samples without any sample cleanup.
for simetryn is shown irFigure 8, and the midpoint value of Spiked simetryn concentrations covered a detection range
the curve was 10 ng/mL. This value was comparable to the otherfrom 5 to 50 ng/mL.Table 3 summarizes the results of the
ELISA assays developed in this study. recovery analysis. Mean recoveries at three spiked levels were

Intrinsic Stabilities of SMT3110scFv Antibodies.Thermo- 103% (Varying from 98 to 110%) for river water, 99% (from
dynamic stability of the SMT3110scFv antibodies was de- 95 to 102%) for rice paddy water, 99% (from 90 to 109%) for
termined by urea denaturation. Stabl“ty of the purified tap water, and 96% (from 95 to 98%) for soil Samp|es_
SMT3110scFv/HL and SMT3110scFv/LH was compared with Concerning the reproducibility, the average of the CV values
each other in the presence and absence of the antigen simetryiyas 9%. The results of recovery tests in ELISA were compared
(Figure 9). In the absence of simetryn, the midpoints of the o the data obtained from HPLC analysis, and the desirable
resulting curves for SMT3110scFv/HL and SMT3110scFV/LH results were obtained. The correlation of the results between
were 2.6 and 2.8 M urea, respectively. In the presence E||SA and HPLC was favorable as shownRigure 11in the
of Simetryn, the mideintS for SMT3110scFv/HL and case of soil Samp|es with a S|Ope of 0.98 :(: 0.99,n = 9)
SMT3110scFv/LH were increased to 4.0 and 4.5 M, respec-
tively. This result suggested that SMT3110scFv antibodies
become more stable by binding to simetryn.

Recovery Analysis of Spiked Environmental Samples by To prepare anti-simetryn mabs, two kinds of simetryn haptens
ELISA and HPLC. Environmental samples (river water, rice  S1 and S2 were synthesized. After several immunizations with
paddy water, tap water, and soil) were examined in ELISA based each hapten conjugated to carrier proteins, all mice immunized
on SMT3110 to measure simetryn content. Prior to recovery with S1 conjugates produced anti-simetryn antibodies, although
tests, matrix effects on the assay were estimated. SimetrynS2 conjugates could not raise anti-simetryn antibodies in all
standard solutions were prepared with river water, rice paddy immunized mice except for only one. It was reported that
water, tap water, and a methanol extract of soil diluted to 1:10 polyclonal antibodies showing an excellent reactivity toward

DISCUSSION
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Figure 11. Correlation between HPLC and ELISA measurements of
simetryn in spiked soil samples. n=9, 2 = 0.99, and y = 1.03x + 0.13.

triazine compounds were raised against the haptenstesith
butylamino, cyclopropylamino, or isopropylamino groups in
place of the ethylamino groups of S2 hapt&f,(32). Consider-

ing that these polyclonal antibodies were derived from rabbits,
S2 hapten might be much less immunogenic for mice. Other-
wise, further efforts may allow isolation of anti-simetryn mabs
that recognize two ethylamino groups of simetryn by using S2
immunogen.

The cDNA clones coding for VH and VL domains of
SMT3110 were isolated to produce various recombinant anti-
bodies. A bacterial leader peptigelB (33) was attached in-
frame to the N terminus of recombinant antibodies for peri-
plasmic exportation from a reducing environment of cytoplasm,
because each variable domain contains a disulfide bond an
the oxidation of cysteine thiols into disulfides normally occurs

in an oxidizing compartment such as periplasm to form a stable

folding in E. coli cells. To prepare SMT3110scFv antibodies,
VH and VL domains were connected with a linker (GBer}

that was designed so that Gly residues would confer the
flexibility, while Ser would provide some solubility2@, 34).
The order of VH and VL domains did not affect the reactivity
of SMT3110scFv antibodies with simetryn. Effects of length
of the linker were further investigated because the linker length
often affects flexibility and stability of scFv antibodie35).

The results showed that 15 amino acid residues &g} were

the best length for the distance between VL and VH domains
of SMT3110. A linker of an scFv antibody usually requires more
than 12 amino acid residues in length to exhibit similar reactivity
to the parent antibody36, 37). Therefore, the results obtained
in this study agreed with their reports. It seems interesting to

investigate their cross-reactivity of the variants, because different

lengths of the linker might affect the antigen recognition.

Cross-reactivity of both SMT3110 and SMT3110scFv anti-
bodies was determined for various triazine compounds in

Nishi et al.

considered that the cyclopropylamino group would allow the
compound to keep the binding stable to the antibodies because
of a rigid structure. On the other hand, a heterologous ELISA
system was attempted to develop using S2 conjugates. However,
it was failed because SMT3110 did not bind to S2 hapten. It
was reported that polyclonal antibodies raised against a hapten
similar to S1 reacted to another hapten similar to S, 82).

A heterologous ELISA would be available with other anti-
simetryn mabs, if the hybridoma screening was performed using
S2 conjugates.

The alignment of amino acid sequences between SMT3110
and other anti-triazine herbicide antibodies showed that the VL
domain of SMT3110 has an identity of 85% with that of the
anti-atrazine antibody IPR-71.8). Both sequences were similar
in both CDR and FR regions. It is critically interesting that the
cross-reactivity of SMT3110 with atrazine was quite low (0.1%).
Similar sequences between SMT3110 and IPR-7 would be
involved in binding to thes-triazine ring. Antigen-binding
activities of some anti-hapten antibodies depend on the VH
domain rather than the VL domain. Therefore, the VL domain
of SMT3110 would play a supplementary role with respect
to antigen binding, and the VH domain would define the
specificity.

The interaction between VH and VL domains of SMT3110
was investigated with separately produced VH and VL frag-
ments in ELISA. The Fv fragments of SMT3110 showed a
similar reactivity to SMT3110scFv antibodies and were bound
to the antigen simetryn with a cooperative association of VH

(émd VL fragments. Binding of separated VH and VL fragments

ia hapten antigen was reported with other anti-hapten antibodies
(23,40,41). A urea denaturation experiment is a good way to
test the effects of antigen on Fv fragments, because the
fluorescence from indole rings of tryptophan residues in protein
is highly sensitive to its environmemndZ, 43). It revealed that
the binding of SMT3110scFv antibodies to simetryn improved
the stability of the protein folding, indicating that the antigen
interacts between VH and VL fragments of SMT3110 to support
the protein conformation. The similar results were reported
previously (26,44), although differences in stability between
HL and LH types of scFv antibodies has not been reported.
The interaction between VH and VL fragments was employed
to develop a noncompetitive sandwich ELISA. The standard
curve was proportional to the analyte concentration in the
sandwich ELISA and as sensitive as those based on mabs and
scFv antibodies comparing the middle points of standard curves.
The noncompetitive ELISA would be a more powerful immuno-
assay method, because the ELISA does not require any hapten
compounds for assays and would be more sensitive in combina-
tion with fluorescent or luminescent enzyme substrates.

The recovery tests were performed to evaluate the ELISA

ELISA. These antibodies showed similar specificities among gjiapility for the analysis of environmental samples. The results
ee_tc_h other, _|mply|ng SMT3110scFv antibodies as functional ghowed that the ELISA was not significantly affected by
minimum units of the parent mab SMT3110. It was expected mjirixes in surface water or soil. A correlation coefficient of
that both an ethylamino group and a methylthio group on the g 995 with a slope of 1.03 was obtained in the recovery tests
s-triazine ring were detrimental to antibody binding based on \yith soils by HPLC and ELISA. This result showed that the
the structure of S1 hapten. The thiometbyriazine herbicide g |sa is a promising tool for monitoring simetryn residues in
prometryn was hardly cross-reacted, because the herbicide haghe environment. In addition. the ELISA based on scFv
a methylthio group but not any ethylamino group. The triazine 4piipodies and noncompetitive sandwich ELISA will give
compounds in which a methylthio group was replaced with & 4nqther methodology for environmental monitoring, leading to

chloro, a hydroxy, or a methoxy group at the 2 position were 4 cost-effective and sensitive assays.
hardly cross-reacted with SMT3110. Similar results were

observed with anti-atrazine and anti-hydroxyatrazine antibodies
(38, 39). It was surprising that irgarol that is substituted by a

cyclopropylamino group instead of the ethylamino group of  BSA, bovine serum albumin; CDR, complementarity-
simetryn produced over 30% cross-reactivity. It might be determining region; ELISA, enzyme-linked immunosorbent

ABBREVIATIONS USED
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assay; FR, framework region; GSP, gene-specific primer; HPLC,
high-performance liquid chromatography; HRP, horseradish
peroxidase; I, concentration of analyte giving 50% inhibition;
IPTG, isopropylg-p-thiogalactopyranoside; KLH, keyhole lim-
pet hemocyanin; mab, monoclonal antibody; Ni-NTA, nickel-
nitrilotriacetic acid; PBS, phosphate-buffered saline; PBS-B,
PBS containing 10% Block Ace; RACE, rapid amplification of
cDNA end; RSA, rabbit serum albumin; scFv, single-chain
variable fragment; SPE, solid-phase extraction; VH, variable
heavy chain; VL, variable light chain.

ACKNOWLEDGMENT

The authors thank Dr. Masanobu Nakata of Kobe University
for various technical discussions.

LITERATURE CITED

(1) Tietjen, K. G.; Kluth, J. F.; Andree, R.; Haug, M., Lindig, M.;
Muller, K. H.; Wroblowsky, H. J.; Trebst, A. The herbicide
binding niche of photosystem Il. A modePestic. Sci. 1991,

31, 65.

(2) Management of Coordination AgencySA (Japan Statistical
Association) Japan Statistical Yearbg@overnment of Japan:
Japan, 1997.

(3) Sudo, M.; Kunimatsu, T.; Okubo, T. Concentration and loading
of pesticide residues in Lake Biwa basin (Japaiater Res.
2002,36, 315—329.

(4) Tomlin, C., The Pesticide Manuall0th ed.; British Crop
Protection Council: U.K., 1994.

(5) Kibe, K.; Takahashi, M.; Kameya, T.; Urano, K. Adsorption
equilibriums of principal herbicides on paddy soils in Jaj&ui.
Total Enziron.2000,263, 115—125.

(6) Kasali, F.; Hanazato, T. Effects of the triazine herbicide, simetryn,

on freshwater plankton communities in experimental ponds.

Environ. Pollut. 1995,89, 197—202.

Lawrence, J. F.; Ménard, C.; Hennion, M. C.; Pichon, V.

LeGoffic, F.; Durand, N. Evaluation of immunoaffinity chro-

matography as a replacement for organic solvent clean-up of

plant extracts for the determination of triazine herbicides by

liquid chromatographyd. Chromatogr., AL996 752, 147—-154.

(8) Winter, G.; Milstein, C. Man-made antibodi¢¢ature1991,349,

293—-299.

Li, Y.; Cockburn, W.; Kilpatrick, J.; Whitelam, G. C. Selection

of rabbit single-chain Fv fragments against the herbicide atrazine

using a new phage display systefonod Agric.Immunol.1999,

11, 5-17.

Byrne, F. R.; Grant, S. D.; Porter, A. J.; Harris, W. J. Cloning,

expression, and characterization of a single-chain antibody

specific for the herbicide atrazinEood Agric.Immunol.1996,

8, 19-29.

(11) Kramer, K.; Hock, B., Recombinant single-chain antibodies
againsts-triazinesFood Agric.Immunol.1996,8, 97—109.

(12) Li, Y.; Cockburn, W.; Kilpatrick, J. B.; Whitelam, G. C. High
affinity scFvs from a single rabbit immunized with multiple
haptensBiochem Biophys Res Commun200Q 268 398-404.

(13) Kramer, K. Synthesis of a group-selective antibody library against
haptens.J. Immunol.Method2002,266, 209—220.

(14) Erlanger, B. F.; Borek, F.; Beiser, S. M.; Lieberman, S.
Preparation and characterization of conjugates of bovine serum
albumin with progesterone, deoxycorticosterone, and esterone.
J. Biol. Chem.1959,234, 1090—1094.

(15) Nakata, M.; Fukushima, A.; Ohkawa, H. A monoclonal antibody-
based ELISA for the analysis of the insecticide flucythrinate in
environmental and crop sampleéRest Manag.Sci. 2001, 57,
269—-277.

(16) Kearney, J. F.; Radbruch, A.; Liesegang, B.; Rajewsky, K. A
new mouse myeloma cell line that has lost immunoglobulin
expression but permits the construction of antibody-secreting
hybrid cell lines.J. Immunol.1979,123, 1548—1550.

@)

©)

(10)

J. Agric. Food Chem., Vol. 53, No. 13, 2005 5103

(17) Kohler, G.; Milstein, C. Continuous cultures of fused cells
secreting antibody of predefined specificityature 1975, 256,
495—497.

(18) Nishi, K.; Imajuku, Y.; Nakata, M.; Ohde, K.; Miyake, S.;
Morimune, K.; Kawata, M.; Ohkawa, H. Preparation and
characterization of monoclonal and recombinant antibodies
specific to the insecticide malathiod. Pestic. Sci2003, 28,
301—-309.

(19) Sambrook, J.; Russell, D. Wlolecular Cloning: A Laboratory
Manual, 3rd ed.; Cold Spring Harbor Laboratory Press: Cold
Spring Harbor, NY, 2001.

(20) Sanger, F.; Nicklen, S.; Coulson, A. R. DNA sequencing with
chain-terminating inhibitor€?roc. Natl. Acad.Sci.U.S.A.1977,

74, 5463—5467.

(21) Bird, R. E.; Hardman, K. D.; Jacobson, J. W.; Johnson, S.;
Kaufman, B. M.; Lee, S. M.; Lee, T.; Pope, S. H.; Riordan, G.
S.; Whitlow, M. Single-chain antigen-binding proteiigcience
1988,242, 423—426.

(22) Huston, J. S.; Levinson, D.; Mudgett-Hunter, M.; Tai, M. S.;
Novotny, J.; Margolies, M. N.; Ridge, R. J.; Bruccoleri, R. E.;
Haber, E.; Crea, R.; Opperman, H. Protein engineering of
antibody binding sites: Recovery of specific activity in an anti-
digoxin single-chain Fv analogue producedgscherichia coli.
Proc. Natl. Acad.Sci.U.S.A.1988,85, 5879—5883.

(23) Nishi, K.; Takai, M.; Morimune, K.; Ohkawa, H. Molecular and
immunochemical characteristics of monoclonal and recombinant
antibodies specific to bisphenol Biosci Biotechnol Biochem
2003,67, 1358—1367.

(24) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage WNéature 1970,227,
680—685.

(25) Morimoto, K.; Inouye, K. Method for the preparation of
bispecific F(ab2 « fragments from mouse monoclonal antibod-
ies of the immunoglobulin M class and characterization of the
fragments.J. Immunol.Methods1999,224, 43-50.

(26) Jager, M.; Plickthun, A. Domain interactions in antibody Fv
and scFv fragments: Effects on unfolding kinetics and equilibria.
FEBS Lett.1999,462, 307—312.

(27) Worn, A.; Pliickthun, A. Different equilibrium stability behavior
of scFv fragments: Identification, classification, and im-
provement by protein engineerirgjochemistry1999,38, 8739~
8750.

(28) Okawa, H.; Nakada, M.; Ishiuchi, M.; Morimune, K. Simetryn

compound, immunological reactant, hybridoma, and method for

assaying simetryn. Japan Patent Office, Patent JP 2002-145870,

May 22, 2002.

Kabat, E.; Wu, T.; Reid-Miller, M.; Perry, H.; Gottesman, K.;

Foeller, C.Sequences of Proteins of Immunological Intergst

ed.; U.S. Department of Health and Human Service, Public

Service, National Institute of Health: Washington, DC, 1991.

Okawa, H.; Nakada, M.; Nishi, K.; Miyake, S. Gene encoding

antibody against triazine-based herbicide, recombinant protein,

and method for producing the protein. Japan Patent Office, Patent

JP 2002-262881, September 17, 2002.

Goodrow, M. H.; Harrison, R. O.; Hammock, B. D. Hapten

synthesis, antibody development, and competitive inhibition

enzyme immunoassay fartriazine herbicides]. Agric. Food

Chem.1990, 38, 990—996.

Ballesteros, B.; Barceld, D.; Sanchez-Baeza, F.; Camps, F;

Marco, M. P. Influence of the hapten design on the development

of a competitive ELISA for the determination of the antifouling

agent Irgarol 1051 at trace levelsnal. Chem 1998 70, 4004

4014.

Lei, S. P.; Lin, H. C.; Wang, S. S.; Callaway, J.; Wilcox, G.

Characterization of th&rwinia carotovora pelB gene and its

product pectate lyasd. Bacteriol. 1987,169, 4379—4383.

Turner, D. J.; Ritter, M. A.; George, A. J. Importance of the

linker in expression of single-chain Fv antibody fragments:

Optimisation of peptide sequence using phage display technol-

ogy. J. Immunol.Methods1997,205, 43-54.

(29)

(30)

(CHY)

(32

(33)

(34)



5104 J. Agric. Food Chem., Vol. 53, No. 13, 2005

(35) Pantoliano, M. W.; Bird, R. E.; Johnson, S.; Asel, E. D.; Dodd,
S. W.; Wood, J. F.; Hardman, K. D. Conformational stability,
folding, and ligand-binding affinity of single-chain Fvimmuno-
globulin fragments expressed Hscherichia coliBiochemistry
1991,30, 10117—10125.

Skerra, A.; Pfitzinger, I.; Plickthun, A. The functional expression
of antibody Fv fragments ischerichia coti Improved vectors
and a generally applicable purification technigBamtechnology
1991,9, 273—278.

Kortt, A. A.; Malby, R. L.; Caldwell, J. B.; Gruen, L. C.; Ivancic,
N.; Lawrence, M. C.; Howlett, G. J.; Webster, R. G.; Hudson,
P. J.; Colman, P. M. Recombinant anti-sialidase single-chain
variable fragment antibody. Characterization, formation of dimer
and higher-molecular-mass multimers and the solution of the
crystal structure of the single-chain variable fragment/sialidase
complex.Eur. J. Biochem.1994,221, 151-157.

Kido, H.; Goodrow, M. H.; Griffeth, V.; Lucas, A. D.; Gee, S.
J.; Hammock, B. D. Development of an enzyme-linked immuno-
sorbent assay for the detection of hydroxyatrazidesAgric.
Food Chem1997,45, 414—424.

Hottenstein, C. S.; Rubio, F. M.; Herzog, D. P.; Fleeker, J. R.;
Lawruk, T. S. Determination of trace atrazine levels in water
by a sensitive magnetic particle-based enzyme immunoadsay.
Agric. Food Chem1996,44, 3576—3581.

(36)

@7

(38)

(39)

Nishi et al.

(40) Suzuki, C.; Ueda, H.; Mahoney, W.; Nagamune, T. Open
sandwich enzyme-linked immunosorbent assay for the quanti-
tation of small haptensAnal. Biochem 200Q 286, 238—

246.

(41) Aburatani, T.; Sakamoto, K.; Masuda, K.; Nishi, K.; Ohkawa,
H.; Nagamune, T.; Ueda, H. A general method to select antibody
fragments suitable for noncompetitive detection of monovalent
antigensAnal. Chem.2003,75, 4057—4064.

(42) Pace, C. N. Measuring and increasing protein stabilitgnds
Biotechnol.1990,8, 93-98.

(43) Tew, D. J.; Bottomley, S. P. Probing the equilibrium denaturation
of the serpino(1)-antitrypsin with single tryptophan mutants;
evidence for structure in the urea unfolded stdtéViol. Biol.
2001,313, 1161—11609.

(44) Arndt, K. M.; Mller, K. M.; Pliickthun, A. Helix-stabilized Fv
(hsFv) antibody fragments: Substituting the constant domains
of a Fab fragment for a heterodimeric coiled-coil domdimMol.

Biol. 2001,312, 221—-228.

Received for review February 2, 2005. Revised manuscript received
April 21, 2005. Accepted April 30, 2005.

JF050246T



