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Abstract

The expression of recombinant antibody fragments in the cytoplasmic space of Escherichia coli and the refolding process
for restoring the structure and activity of such antibodies are not efficient. Herein, fragment antigen-binding (Fab) antibodies
against miroestrol and deoxymiroestrol (MD-Fab) and their fusions with a green fluorescent protein (GFP) were expressed.
The reactive MD-Fabs were successfully expressed as soluble and active forms in the cytoplasm of the SHuffle® T7 E. coli
strain. Regarding the construct of MD-Fab alone, V;—Cy1 could associate V{—C; into Fab in the oxidizing cytoplasm of the
E. coli strain, and no additional in vitro refolding was needed. In the case of the fusions with GFP, when the C-terminus of
Vi—Cyl was linked with the N-terminus of GFP, the MD-Fab binding reactivity was retained, but the fluorescent activity
of GFP interfered. When the C-terminus of GFP was linked to the N-terminus of V| —C;, the binding activity of MD-Fab
was not observed. The constructed MD-Fabs had higher specificity toward deoxymiroestrol than the parental monoclonal
antibody clone 12G11. In conclusion, MD-Fabs could be expressed using SHuffle® T7 E. coli cells. This process could be
considered an economical, productive, and effective method to produce antibody fragments for immunoassay techniques.
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Introduction

Recombinant antibody fragments expressed in the Escheri-
chia coli expression system are more likely to accumulate
in the cytoplasmic space where proteins are kept in reduced
and inactive forms. Further treatment steps, including
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denaturation and refolding, need to be implemented to
restore the structure and activity of such antibodies [1]. To
avoid the refolding process, recombinant proteins carrying
disulfide bonds can be expressed in the periplasm because
the E. coli periplasmic enzymes (disulfide oxidoreductases
and isomerases) catalyze the proper protein folding and
formation of disulfide bonds [2]. However, the periplas-
mic compartment is narrow, limiting the accumulation of
the expressed protein [3]. Thus, E. coli was not the pre-
ferred choice for antibody fragment production in the past.
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Although eukaryotic expression systems, such as insect cells
and mammalian cells, produce and secrete active antibod-
ies efficiently, their production is expensive, and the cul-
ture is time-consuming. The SHuffle® T7 E. coli strain was
established to achieve the correct and efficient folding of
recombinant proteins within the cytoplasm [4]. This E. coli
strain produces active protein without the need for additional
refolding steps. This strain is useful in the production of
nonglycosylated antibody fragments. Therefore, the produc-
tion of antibody fragments in E. coli is an economic strategy
for immunoassay development.

Immunoassays are highly sensitive and specific for phy-
tochemical analysis because of specific lock-and-key inter-
actions between the antibodies and epitopes of target com-
pounds. Immunoassays resolve the chemical interferences
that are the major obstacles for reliable analysis using chro-
matography-based HPLC-UV. Using the hybridoma tech-
nique, we generated a specific monoclonal antibody against
miroestrol and deoxymiroestrol (MD-mADb) [5]. Neverthe-
less, the method used involves animal cell culture, which is
challenging to handle and requires high maintenance costs.
Previously, an alternative, relatively cheaper, and advanced
technique for recombinant antibody production using an E.
coli expression system was developed to reduce these dif-
ficulties. The E. coli cell system was established as a factory
for producing antibody fragments against small molecules,
such as plumbagin [6], ginsenosides [7], ganoderic acid
A [8], wogonin glucuronide [9], and paclitaxel [10]. The
E. coli produced these antibody fragments, and refolding
steps were required. Otherwise, eukaryotic host cells were
needed for the expression of the active antibody fragment.
The construction of recombinant antibodies through genetic
modification has widened their application, and the genetic
coupling of fluorescent or other reporter proteins with the
genes of the antibody fragments is possible and simple. The
utilization of fluobodies (proteins fused to green fluorescent
protein (GFP) combined with antibody) ranges from trac-
ing protein localization [11], studying the cell cycle [12],
and detecting gene expression [13] to fluorescence-linked
immunosorbent assay (FLISA) [14].

Miroestrol and deoxymiroestrol are the most potent phy-
toestrogens of Pueraria candollei (white Kwao Krua) and
have high potential as agents for relieving menopausal symp-
toms, including hot flashes, night sweats, mood instability,
and vaginal dryness in aged women. From clinical studies
with P. candollei, only mild side effects, such as abdominal
bloating, headache, and dizziness, were reported; thus, these
compounds were considered safe at specific doses [15-17].
Overconsumption of P. candollei can cause undesirable
effects due to its high estrogenicity, and the miroestrol and
deoxymiroestrol contents of P. candollei roots vary dramati-
cally. For optimal consumption of effective and safe dosages,
analytical methods for miroestrol and deoxymiroestrol are
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necessary for potency-based quality and quantity control.
Herein, the genes encoding specific fragment antigen-bind-
ing antibodies against miroestrol and deoxymiroestrol (MD-
Fab) were constructed from the hybridoma clone 12G11 [5].
The pET21b(+) dual expression vector was constructed for
MD-Fab expression using SHuffle® T7 E. coli. In addition,
the GFP gene was inserted in a gene encoding light (V;-C;)
and heavy antibody chains (V—Cy1) to investigate the effect
of GFP orientation on Fab-binding properties. The binding
characteristics of the MD-Fabs were evaluated and described
in this study.

Materials and methods
Chemical and immunological reagents

The details of the chemical and immunological reagents
used in this research are described in the Electronic Sup-
plementary Material (ESM).

Construction of genes encoding anti-MD Fab
and their expression vector

The nucleotide sequences of MD-Fab were cloned from the
hybridoma cell clone 12G11, producing MD-mAD [5]. The
methods for expression vector construction, including DNA
template, PCR conditions, and primers used, were described
in detail in the ESM. Briefly, cDNA was synthesized using
the mRNA of the hybridoma cell. The genes encoding the
Vy—Cyl and V;—C; domains of MD-mAb were amplified
via PCR with mixed degenerate forward primers [18] and
reverse primers of Cyl and C; [19]. Vy—Cyl and V;-C
were purified and then ligated with the pMD20-T vector.
After that, the recombinant pMD20-T vectors were trans-
formed into competent E. coli IM109 cells, and blue-white
screening was carried out for selection. The sequences of
the inserted genes were revealed using BigDye® Termina-
tor v1.1. The CDRs of V;-C; and Vy—Cyl were identified
using the methods described by Kabat and Chothia (https
://lwww.bioinf.org.uk/abs/). Then specific primers were
designed for the construction of dual pET21b(+) vectors
harboring expression cassettes for MD-Fab expression.
Using cDNA as a template, V; —C; was amplified and
digested with BamHI/Sacl. The pET21b(+) vector was
also digested with the same enzymes, and then V;-C; was
ligated with the digested pET21b(+) vector. The ligated
products were introduced into competent E. coli JM109
cells. Vy—Cyl was amplified and then double-digested
with Sall/Notl. The pET21b(+)/V;-C, was double-
digested with Sall/Notl as well, and then was ligated with
Vy—Cyl and transformed into competent E. coli JIM109
cells. Colony PCR was performed to identify recombinant
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vectors of pET21b(+)/MD-Fab (Fig. 1a, cassette No. 1).
Finally, recombinant pET21b(4)/MD-Fab was transformed
into cells of the expression strain SHuffle® T7 E. coli.

Construction of the gene encoding V,,-C,,1-
(GGGGS);-GFP and its expression vector

The pAcGFP1-N1 vector (Clontech, CA, USA) encoding
GFP from Aequorea coerulescens was used as the template
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Fig.1 Schematic diagrams of expression vectors of MD-Fab and its
chimeric forms with different orientations of green fluorescent protein
(GFP), including recombinant vectors of a pET21b(4+)/MD-Fab (cas-
sette No. 1), b pET21b(+)/MD-Fab [V;-C; and V—Cy1-(GGGGS);-

GFP] (cassette No. 2), ¢ pET21b(+)/MD-Fab [GFP-(GGGGS);-
V,—-C, and Vi—Cyl] (cassette No. 3), and d pET21b(4)/MD-Fab
[GFP-(GGGGS);- V,—C; and V—Cyl1-(GGGGS);-GFP] (cassette
No. 4)
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for amplification of the GFP gene. The gene encoding
Vy—Cyul-(GGGGS);-GFP was constructed by splicing by
overlap extension PCR (SOE-PCR). The PCR conditions
and primers were described in the ESM. Briefly, the V;—Cy1
and GFP genes were amplified and then linked into the con-
figuration Vy—Cp1-(GGGGS);-GFP. Then, the resulting
fragment was digested with Sall/NotI and subcloned into
digested pET21b(+)/V;—C; to obtain pET21b(+)/MD-Fab
[V;—C; and V—Cy1-(GGGGS);-GFP] (Fig. 1b, cassette
No. 2). The sequences of inserted genes were confirmed,
and the confirmed plasmids were transformed into SHuffle®
T7 competent E. coli.

Construction of the gene encoding GFP-(GGGGS),-
V,-C, and its expression vector

Initially, V;—C; and GFP were amplified using PCR, and
then the gene for GFP-(GGGGS);- V| —C; was constructed
using SOE-PCR. The details of the PCR conditions and
primers are described in the ESM as well. The PCR prod-
uct of GFP-(GGGGS);- V;—C; and the pET21b(+) vector
were purified and digested with BamHI/Sacl before ligation.
The ligated product was introduced into competent E. coli
JM109 cells. The obtained pET21b(4+)/GFP-(GGGGS);-
V—C, vector and Vy—Cyl fragment were digested with
Sall/Notl. The resultant plasmid pET21b(+)/MD-Fab
[GFP-(GGGGS);-V;—C; and V—Cyl] (Fig. lc, cassette
No. 3), which was obtained after ligation, was transformed
into competent E. coli IM109 cells. Finally, recombinant
pET21b(+)/MD-Fab cassette No. 3 was sequenced and sub-
sequently transformed into SHuffle® T7 competent E. coli.

For pET21b(+)/MD-Fab [GFP-(GGGGS);-V{-Cy
and Vi—Cyl1-(GGGGS);-GFP] (Fig. 1d, cassette No. 4),
Vi—Cyx1-(GGGGS);-GFP, which was digested by Sall/Not
I, was inserted into pET21b(+)/GFP-(GGGGS);- V;—C;.
Then, the resultant ligation mixture was transformed into
E. coli IM109 cells. Finally, the sequence of genes inserted
into pET21b(4)/MD-Fab cassette No. 4 was confirmed, and
the confirmed plasmid was subsequently transformed into
SHuffle® T7 competent E. coli for expression.

Expression and purification of recombinant Fab
and its fusions with GFP

SHuffle® T7 E. coli cells harboring the recombinant
pET21b(+) vector with an expression cassette were ini-
tially cultured in Terrific Broth (TB) medium (24 g/l yeast
extract, 20 g/l tryptone, 4 ml/l glycerol, 0.017 M KH,PO,,
and 0.072 M K,HPO,) [20] supplemented with 100 ug/ml
ampicillin at 25 °C with shaking at 120 rpm overnight. Then,
for expression, the culture was transferred to 50 ml of fresh
TB medium supplemented with 100 ug/ml ampicillin in a
250-ml Erlenmeyer flask. The expression was performed
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with shaking at 120 rpm to limit mechanical sheer and pro-
tein leakage out of the cell [21]. Although the expression of
the recombinant protein by SHuffle® T7 E. coli could be
performed at 16-37 °C, the highest yield of protein expres-
sion was obtained at 25 °C [4]. Therefore, this expression
was carried out at 25 °C. When the absorbance value of the
culture at 600 nm (ODyy,,) was equal to 0.6, IPTG was added
at a final concentration of 1 mM to induce protein produc-
tion. The E. coli cells were further cultivated under the same
conditions for 14 h; then, the cell pellet was collected via
centrifugation at 12,000 rpm for 20 min at 4 °C. Then, lysis
buffer (20 ml; 50 mM Tris—HCI pH 8, 1 mM EDTA, and
10% (v/v) glycerol) was added to wash the cells. Then, the
cell pellet was lysed by incubation for 30 min (room tem-
perature) with 1 mg/ml lysozyme in lysis buffer (11.25 ml).
Sodium chloride (NaCl) and Triton X-100 were added to
final concentrations of 50 mM and 0.1% (v/v), respectively.
Triton X-100 was added to disrupt and permeabilize the cell
membrane. Afterward, ultrasonication was implemented to
induce cell break and protein release, followed by centrifu-
gation at 14,000 rpm for 20 min at 4 °C. The supernatant
included soluble protein, whereas the pellet comprised
insoluble protein or inclusion bodies. The inclusion bod-
ies were dissolved in 2 ml of 50 mM Tris—HCI contain-
ing 8 M urea. The protein concentration was determined by
the Bradford protein assay method, for which bovine serum
albumin (BSA) was used as the reference standard. Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) was performed to determine the size and purity of
the protein.

Preliminary screening of MD-Fabs reactivity

The reactivity of MD-Fab cassettes No. 1-4 against the
target antigen was then investigated via indirect ELISA
(iELISA). The iELISA processes were initiated by fixing
Mi-HSA (5 pg/ml in 50 mM sodium carbonate buffer (pH
9.6), 100 ul) onto the surfaces of 96-well ELISA plates
for 1 h. The method for the synthesis of Mi-HSA was
described previously [22]. After the excess Mi-HSA was
washed out with phosphate-buffered saline (PBS) con-
taining 0.05% (v/v) Tween 20 (TPBS), 5% (w/v, 300 pl)
skimmed milk in PBS was added to the wells to diminish
nonspecific binding in the later steps. After an hour of
treatment with skimmed milk, the wells were rewashed.
The various concentrations of crude proteins expressed
for MD-Fab cassettes 1-4 (0.001-0.5 mg/ml diluted in
TPBS) were prepared. The Fabs in the crude proteins were
allowed to react with Mi-HSA for 1 h. The unbound pro-
teins were washed out, and a solution of peroxidase-con-
jugated anti-mouse IgG (Fab specific) antibody (1:1000
dilution in TPBS, 100 ul) was added, and the reaction was
incubated for 1 h. The plate was washed. The substrate
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solution [0.3 mg/ml ABTS (2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt) dissolved
in 100 mM sodium citrate buffer, pH 4, with 0.003%
H,0,, 100 pl] was added for colorimetric development
for 15 min. The absorbance was measured at 405 nm with
a microplate reader model 550 (Bio-Rad Laboratories, CA,
USA). All processes were performed at 37 °C. Finally, the
plot between the crude protein concentration and absorb-
ance was established for each cassette, with which their
reactivity could be compared.

Purification of Fab fragments

After screening the crude protein reactivity toward Mi-
HSA, the cassette(s) that exhibited high reactivity was
selected for the purification process. In this step, an
immobilized metal ion affinity column (IMAC) capable
of trapping C-terminal histidine tags of recombinant Fab
fragments was applied for the purification of expressed
Fab. The purification method was implemented according
to the manufacturer’s instructions. Briefly, the complete
His-tag purification resin was allowed to settle in a plastic
column. It was equilibrated with binding buffer [SO mM
Tris—HCI pH 7.4, 500 mM NacCl, 10% (v/v) glycerol, 1%
(v/v) Triton X-100, and 5 mM imidazole]. According
to the instructions for His-tag purification resin, Triton
X-100 (0.1-1% v/v) is recommended for reducing the
nonspecific binding due to hydrophobic or ionic interac-
tions. The soluble fraction (60 ml) of crude protein was
gradually passed through the purification resin. Then, the
flow-through portion was reloaded three times to ensure
that the polyhistidine-tagged protein was bound entirely to
the Ni-resin. The nonspecifically bound substances were
eliminated by washing the column with 10 ml of binding
buffer and 20 mM imidazole dissolved in binding buffer.
The recombinant protein was eluted with 6 ml of the same
buffer containing 200 mM imidazole. The eluted fraction
was dialyzed against 20 mM Tris—HCI, pH 7.4, supple-
mented with 10% glycerol for 5 h three times to eliminate
imidazole. After purification, the concentration of purified
MD-Fabs was determined by a Bradford protein assay, and
their purity and molecular mass were confirmed by using
nonreducing SDS-PAGE.

SDS-PAGE was performed to evaluate the presence of
MD-Fabs. The crude proteins and purified MD-Fabs were
separated on a 12.5% (w/v) polyacrylamide gel and then
detected by staining the gel with a Coomassie Brilliant Blue
Stain Kit (Nacalai Tesque, Inc., Kyoto, Japan). To preserve
the inter-chain disulfide bonds between V,;—Cy1 and V{—-C;
of Fab, the SDS-PAGE analysis was analyzed under nonre-
ducing conditions, where the 2-mercaptoethanol was omitted
in the sample preparation step for analysis.

Characterization of recombinant MD-Fab

The purified MD-Fabs were characterized to reveal their
binding activities. iELISA was performed to evaluate their
reactivity against Mi-HSA. Indirect competitive ELISA
(icELISA) was applied to determine the reactivity of MD-
Fabs toward miroestrol, deoxymiroestrol, isomiroestrol, and
related isoflavonoids. The iELISA procedures were the same
as those in the previous section for the preliminary screening
of crude protein reactivity. Moreover, icELISA was imple-
mented to determine the inhibitory effects (competitive) of
free compounds on the binding between MD-Fab and Mi-
HSA. ELISA coating and blocking steps were conducted
similarly to those previously described for iELISA. The
miroestrol standards were dissolved in 5% (w/v) ethanol as
a free antigen and added into 96-well plates followed by
the addition of MD-Fab. The plates were mixed and incu-
bated for 1 h. After the washing step, MD-Fab bound with
free miroestrol was washed out of the reaction system, since
it could not bind with immobilized miroestrol (Mi-HSA).
Then, a 1:1000 dilution of peroxidase (POD)-conjugated
anti-mouse IgG (Fab-specific) antibody was added to bind
with the MD-Fab that was occupied by immobilized miroes-
trol. The wells were washed after 1 h of incubation. Finally,
the ABTS substrate solution was added to the wells, and the
color changed with respect to the available POD. Then, the
absorbance of the product was measured at 405 nm using
a microplate reader. The concentrations of the compounds
on the logarithm scale were then plotted against the ratio
of A/Ao, where Ao is the absorbance in the absence of any
compound, and A is the absorbance in the presence of the
free compound of interest at a concentration.

The concentration that produced a 50% inhibitory effect
(ICs, A/Ao=0.5) was calculated from the logarithm equa-
tion of the graph. The binding specificity of the MD-Fabs
antibody against compounds, including deoxymiroestrol,
miroestrol, isomiroestrol, puerarin, daidzein, genistein, and
kwakhurin, was determined. The icELISA was performed
as previously described, and various concentrations of these
free compounds were used as free antigens. Then, the rela-
tive binding properties of MD-Fab against different com-
pounds of interest were compared, the cross-reactivity was
calculated as follows:

ICs, of deoxymiroestrol

Cross-reactivity (%) = x 100
ross-reactivity (%) ICy, of the assayed substance

Measurement of fluorescence intensity

The fluorescent activity of GFP was measured with EVOS™
FL Auto 2 (Thermo Fisher Scientific Inc., UK). The
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fluorescent intensity of MD-Fab cassette No. 2 was meas-
ured at 490 nm excitation and 530 nm emission wavelengths.
In the experiment, the sample solution (70 ug/ml, 100 pl/
well) was added to a black microtiter plate (FluoroNunc,
MaxiSorp), and then fluorescence intensity was recorded.

Results and discussion

Construction of genes encoding MD-Fab and their
expression vector

The genes encoding the V;—Cy1 and V; —C; regions of MD-
mADb (clone 12G11) were successfully constructed, and then
the sequences were registered to the Bioinformation and
DDBJ Center (accession No. LC456788 and LC456789).
The lengths of V—Cy1 (IgG1) and V;—C, (kappa) were 224
and 219 amino acids, respectively. The complete amino acid
sequences and CDRs of these genes are shown in Fig. S1 of
the ESM. When the sequences of Vy; and V| were compared
with those of highly specific scFv toward miroestrol [23], the
sequences showed similarities of 36 and 44%, respectively.
The CDRs of both domains were completely different, which
corresponds to the different binding specificity.

Expression of MD-Fab in SHuffle® T7 E. coli

The clones of SHuffle® T7 E. coli occupying the recombi-
nant vector of every cassette were cultured in TB, and then
the protein was expressed using the same culturing condi-
tions. The cell pellets were collected and lysed to obtain
the soluble fraction as crude protein. The binding reactiv-
ity of crude protein containing MD-Fab was evaluated by
iELISA. The binding manner was correlated with the applied
concentration of crude proteins. When compared with the
four expression cassettes, cassette No. 1 exhibited the high-
est activity, followed by cassette No. 2. However, cassettes
No. 3 and 4 showed very low activity (Fig. 2). Therefore,
fusing GFP to the MD-Fab genes may affect the expres-
sion or binding of MD-Fabs. A previous study also reported
the effect of GFP on the secondary structure folding step,
where different protein fusions (N-terminal or C-terminal)
may result in different protein conformations and functions
[24]. Previously, the GFP fusion with V; —C; in both the C-
and N-termini individually produced soluble forms of Fab
in E. coli; moreover, the GFP fusions were more reactive
against the target c-Met than Fab with GFP at the C-terminus
heavy chain [25]. The amino acid sequence of the IgG light
chain is more likely to be folded than that of the heavy chain
[26]. The light chain of anti-c-Met Fab tagged with GFP in
the C-terminus is more reactive than the light chain tagged
with GFP in the N-terminus, where it is adjacent to the vari-
able region [25]. The study utilized the amino acid linker
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Absorbance at 405 nm

0.0 0.1 0.2 0.3 0.4 0.5

Concentration of the crude protein (mg/ml)

-®-Cassette No. 1 - Cassette No. 2 #l Cassette No. 3 #-Cassette No. 4

Fig.2 Comparative reactivity of crude proteins derived from various
expression cassettes, the reactivity was investigated by iELISA using
Mi-HSA as an antigen

(SSGGGGSGGGGGGSSRSS) between GFP and V—Cy; or
V,—C, [25], and the previously studied amino acid linker
may be more flexible than the amino acid linker used in the
current work. The inappropriate amino acid sequence used
as a linker in this experiment may interfere with the binding
of the light chain. The flexibility of the linker influences
the structure and function of the protein with which GFP
is linked [27]. Regarding GFP tagged at the N-terminus of
V;—C,, due to the low reactivity of cassettes No. 3 and 4,
these cassettes were inapplicable for further characteriza-
tion. Therefore, only expressed cassettes No. 1 and 2 were
selected for purification and additional characterization.

The yield of MD-Fab and purity of the protein

MD-Fab cassettes No. 1 and 2 were purified from crude
protein using the IMAC column, and the protein yield was
calculated according to protein concentration analyzed by
a Bradford protein assay and cell density at the time of
harvesting. The yields of purified MD-Fab from cassettes
No. 1 and 2 were 6.0 and 2.8 mg of Fab per liter per 1.0
ODy, (Fab/l/ODg,), respectively. The yield was higher than
the cytoplasmic expression of Fab (0.8 mg Fab/l/ODy)
in redox-engineered E. coli [28]. The size of the purified
protein was estimated by SDS-PAGE (Fig. 3). The size of
purified MD-Fab cassette No. 1 correlated with its theoreti-
cal molecular weight of 48.26 kDa. The GFP protein has a
reported molecular weight of approximately 26.9 kDa; thus,
the appearance based on SDS-PAGE analysis corresponded
to the theoretical molecular weight of 75.16 kDa of MD-
Fab cassette No. 2. The nonreducing SDS-PAGE (Fig. 3a)
indicated that MD-Fabs were well expressed in the cyto-
plasm of the SHuffle® T7 E. coli strain. Vy—Cy1 and V| -C;
were expressed and assembled into the Fab structure (black
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(a) M 1 2 3 4 5

140=

75=

Fig.3 SDS-PAGE (non-reducing condition) demonstrates the protein
size and purity (indicated by arrow) of cassettes no. 1 (a) and cas-
settes No. 2 (b). Lane M contains a protein molecular weight marker,
while lanes 1, 2, 3, 4, and 5 represent cellular proteins before IPTG

arrow); however, a small portion of V—Cyl remained in
the free domain (Fig. 3a, transparent arrow). As indicated in
Fig. 3b, although MD-Fab cassette No. 2 was observed with
the band with a molecular size of 75 kDa (black arrow), the
amount was small. The major proteins were observed with
molecular weights of approximately 27-34 kDa (transparent
arrows). Both bands of protein were expected to be Vy—Cy1-
(GGGGS);-GFP domains. Even if the domain was 51.9 kDa,
the domain migrated faster than usual (in nonreducing SDS-
PAGE) due to its secondary structures. In addition, SDS-
PAGE revealed two large bands for the V;—Cy1-(GGGGS);-
GFP domain, implying that the domain folded into two
conformations. For regular expression using conventional E.
coli, the Fab domains of V;—Cy1 and V| —C; were expressed
separately in reduced form in the E. coli cytoplasm. The
structure of Fab can be recovered using in vitro refolding.
The method uses chemically mediated folding, which is inef-
ficient and inconsistent. The factors influencing the yield of
recombinant protein expression in SHuffle® are medium,
inducer concentration, induction temperature, and dissolved
oxygen. Therefore, if these factors are strictly controlled,
the expression level should be reproducible. The activity
of human tissue plasminogen activator (vtPA) expressed
in SHuffle® T7 grown at a specific temperature, growth
phase, and IPTG condition was not largely varied during two
batches of shake flask expression [4]. Thus, the expression
yield of recombinant protein should be reproducible. The
SHuffle® T7 E. coli strain was developed with an oxidiz-
ing cytoplasm, wherein disulfide bonds of both intra- and
inter-domains of Fab can be formed. Previously, scFv [8]
and immunoglobulin G (IgG) [29] were successfully pro-
duced using this engineered SHuffle® T7 E. coli strain. This

(b)

140

75
54

45

38

29

24

induction, cellular proteins after IPTG induction, the soluble fraction
(20 pg/well), inclusion bodies, and purified MD-Fab (20 pg/well),
respectively

research indicated that Fab could be expressed in active form
using the SHuffle® T7 E. coli strain. Vy—Cpy1 can associate
with V;—C; in the structure of Fab (Fig. 3). Therefore, the
expression system is useful for Fab antibody expression.

According to the fluorescent characteristics of GFP from
A. coerulescens (Vector Information, Clontech, CA, USA),
the fluorescence intensity was observed at 490 nm excitation
and 530 nm emission wavelengths. The fluorescent activity
of MD-Fab cassette No. 2 was not found. Previously, the sin-
gle-domain antibody (scFv) toward plumbagin was fused to
the N-terminus of GFP; the fluorescent activity interfered, as
well. However, GFP fluorescent activity was retained when
the scFv was fused to the C-terminus of GFP [30], where the
peptide linker with the sequence (GGGGS), was used. Thus,
the linker of MD-Fab cassette No. 2 may not provide enough
flexibility to avoid steric hindrance and folding interference
of GFP from the V;—Cy1 domain [30].

Determination of the binding specificity
of the purified protein

The sensitivity and specificity of purified MD-Fab cassettes
No. I and 2 were revealed. The icELISA was performed.
The results of the icELISA are demonstrated in Fig. 4. The
competitive effects of chromene groups were plotted. Cas-
settes No. 1 and 2 showed similar trends, indicating that
purified protein has a high preference for deoxymiroestrol.
MD-Fab cassette No. 1 could bind with deoxymiroestrol
linearly in the concentration range of 0.039-1.25 pg/ml
(R*=0.9919). MD-Fab cassette No. 1 reacted with miroes-
trol and isomiroestrol linearly in the binding ranges of
0.078-5 ug/ml (IC5,=3.68 uM, R*=0.9927) and 0.2-25 g/
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Fig.4 Reactivity of MD-Fabs
cassettes No. 1 (a) and cassette
No. 2 (b) toward deoxymiroes-
trol, miroestrol, and isomiroes-
trol, the binding reactivity was
determined via indirect com-
petitive ELISA. A/Ao, which
Ao and A were the absorbance
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ml (IC5,=13.56 uM, R?= 0.9886), respectively. Therefore,
protein from cassette No. 1 had the highest reactivity toward
deoxymiroestrol (IC5,=0.54 pg/ml or 1.58 uM), which was
set as 100% cross-reactivity. MD-Fab cassette No. 1 showed
less than 0.01% of cross-reactivity toward isoflavonoids of
P. candollei (Table 1).

The results for MD-Fab cassette No. 2 showed a simi-
lar trend to cassette No. 1. Cassette No. 2 reacted with
deoxymiroestrol in a linear manner at concentrations from
0.02 to 2.5 pg/ml (R?=0.9886). In addition, miroestrol
and isomiroestrol exhibited a competitive effect in a linear
manner within the concentration ranges of 0.02-2.5 ug/

@ Springer

ml (IC5,=1.90 uM, R*=0.9935) and 0.2-25 ug/ml
(IC5o=7.50 uM, R*>=0.9886), respectively. The ICs, value
of deoxymiroestrol was 0.31 pg/ml (0.905 pM), which
was set at 100% cross-reactivity. MD-Fab cassette No. 2
showed less than 0.01% cross-reactivity toward isoflavo-
noids (Table 1). Therefore, the GFP fusion on the C-ter-
minus of V—Cy1 did not influence the binding specificity
of MD-Fab. Regarding the previous report of the MD-
mADb [5], deoxymiroestrol, miroestrol, and isomiroestrol
exhibited an inhibitory effect in a linear manner within the
concentration ranges of 15.6-500 ng/ml (IC5,=71.2 ng/
ml or 0.208 uM), 15.6-500 ng/ml (IC5,=87.2 ng/ml or
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Table 1 Comparative cross-reactivity (%) of different forms of MD-
Fabs and their parental mAb

Compound Cross-reactivity (%)

MD-mAb  MD-Fab MD-Fab

(Cassette No. 1)  (Cassette No. 2)

Deoxymiroestrol 100 100 100
Miroestrol 81.6 40.9 45.6
Isomiroestrol 12.3 11.1 11.5
Puerarin 0.080 <0.010 <0.010
Genistein 0.170 <0.010 <0.010
Daidzein 0.640 <0.010 <0.010
Kwakhurin 0.040 <0.010 <0.010

0.243 uM), and 0.125-4.0 pg/ml (IC5,=0.578 pg/ml or
1.61 uM), respectively. The binding specificities of MD-
Fab cassette No. 1 and Cassette No. 2 were compared with
that of the parent MD-mAb clone 12G11 reported previ-
ously [5], and the Fab construct exhibited higher specificity
toward deoxymiroestrol. On the other hand, the CR against
miroestrol was decreased. A slight reduction in CR toward
isomiroestrol was also observed. The full-length antibody
(MD-mADb) consists of two binding sites for ligands, while
MD-Fab has only one. This is one reason for the differences
in binding specificity (Table 1). Moreover, the MD-mAb
was produced by mouse hybridoma cells, and posttransla-
tional modifications might affect the structure and binding
properties of MD-mAb. These posttranslational modifica-
tions include disulfide bond formation, N-glycosylation,
N-terminal pyroglutamine cyclization, C-terminal lysine
processing, deamidation, isomerization, cysteinylation, and
oxidation [31]. The isomerization of Asp residues in CDRs
influences the affinity of antigen binding [32-34], in which
the Asp residues were found in the heavy chain CDR-2 and
-3 of the MD-Fab (Fig. S1, ESM). While MD-Fabs were
produced by E. coli cells, the processes of posttranslational
modifications are different from those of hybridoma cells.
Only several modifications, such as protein acetylation and
phosphorylation, were reported in E. coli [35]. This different
process is another reason for the different binding specificity
between MD-Fabs and their parental MD-mAb. Because the
recombinant MD-Fabs were expressed from a unique set of
genes, posttranslational modification of E. coli was less fre-
quent. This leads to less batch-to-batch variability of binding
specificity than hybridoma-produced mAbs. With respect
to stability, the previous study indicated that the stability
of IgG produced in SHuffle® T7 E. coli was comparable
to those produced by mammalian cells [3] because the E.
coli strain mediated formation of disulfide bonds, which are
essential for correct folding and stability of the expressed
protein [4]. Because the binding character of MD-Fab is
more specific against deoxymiroestrol, MD-Fab is promising

as a new agent for deoxymiroestrol determination. Currently,
the production of anti-deoxymiroestrol mAb is not yet suc-
cessful. This method could be developed as an analytical
method for deoxymiroestrol.

In this study, the genes encoding MD-Fab were con-
structed from hybridoma cells secreting MD-mAb. GFP was
genetically inserted into the sequence of MD-Fab and then
subcloned into the pET21b(+) vector. The SHuffle® T7 E.
coli was applicable for the expression of the active form of
MD-Fab. The insertion of the GFP gene into the C-terminus
of V—Cy1 did not attenuate antibody activity compared to
other positions; however, the fluorescent intensity was not
observed. Therefore, MD-Fab cassette No. 1 is appropriate
for further development as an analytical reagent for immuno-
assays. Compared to MD-mAb, the developed Fab was more
specific toward deoxymiroestrol than miroestrol. Therefore,
this E. coli expression system is suitable for MD-Fab pro-
duction. MD-Fab exhibits a high potential to be developed
and validated as an analytical method for deoxymiroestrol
determination.
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