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We prepared single-chain immunoglobulin Fv fragments (scFv) SLH10 speciﬁc for the HepG2 cell line after
biopanning from a large human-naïve phage display library (Grifﬁn. 1 Library). The three-dimensional (3D)
structure of SLH10 was modelled by the Insight II molecule simulation software. The structure was reﬁned using the
molecular dynamics method. The structures with the least steric clashes and lowest energy were determined ﬁnally.
The optimized structures of heavy (VH) and light (VL) variable chains of SLH10 scFv were obtained. Then SLH10
bivalent single-chain Fv (BsFv) was constructed that would be suitable for high-afﬁnity targeting. SLH10 BsFv was
generated by linking scFvs together and identiﬁed by sequencing. Its expression products were conﬁrmed by western
blot analysis. The relative molecular masses of scFv and BsFv were approximately 30 kDa and 60 kDa, respectively.
Flow cytometry revealed that SLH10 BsFv bound the selected cell lines with greater signal intensity than the parental
scFv. The improved antigen binding of SLH10 BsFv may be useful for immunodiagnostics or targeted gene therapy
for liver cancer.
[Ni M, Yu B, Huang Y, Tang Z, Lei P, Shen X, Xin W, Zhu H and Shen G 2008 Homology modelling and bivalent single-chain Fv construction of
anti-HepG2 single-chain immunoglobulin Fv fragments from a phage display library; J. Biosci. 33 691–697]

1.

Introduction

Single-chain immunoglobulin (Ig) Fv fragments (scFvs)
are predominantly monomeric when the linker variable
regions of the heavy (VH) and light (VL) chains are joined
by polypeptide linkers (Adair 1992). scFvs maintain the
binding speciﬁcity of the parental antibody; they are in

small size and show improved properties for diagnostic and
therapeutic applications (Presta 2003; Holliger and Hudson
2005 . scFvs have increased tumour penetration and faster
clearance rates compared with the parent Ig (Beckman 2007;
Carter 2001). They can also be used to create new forms of
Fv modules of increased valency suited for in vivo imaging
and therapy (Volkel et al 2001; Hudson et al 1999; Turner
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et al 1997). A simple method is to combine two scFvs to
form a bivalent dimer (diabody) (Kortt et al 1997; Kortt
et al 2001). A number of cancer-targeting scFv multimers
have recently undergone pre-clinical evaluation for in vivo
stability and efﬁcacy, and have been shown to provide a
signiﬁcant increase in functional afﬁnity (Peterson et al
2008). On the other hand, it is important to know more about
the structural and functional role of the scFv residue. By
computational approaches, combined sequence inspection
and protein structural analysis can effectively provide
relevant information about the functional role of the scFv
residue. Knowledge at the atomic level of three-dimensional
(3D) structure, which is, in turn, the main determinant of
biological function, allows one to investigate or predict
antibody properties. In this study, we prepared scFv SLH10
speciﬁc for the HepG2 cell line after biopanning from a
large human-naïve phage display library (Grifﬁn. 1 Library)
(Yu et al 2005). We examined the functional characteristics
of SLH10 through homology modelling of its 3D structure
by the Insight II molecule simulation software (Cheng et al
2003; Saenz et al 2007). Then a bivalent single-chain Fv
(BsFv) of SLH10 was constructed to increase the valency
to suit high-afﬁnity targeting. The improved antigen binding
of BsFv may be applied to develop immunodiagnostics and
immunotherapeutics for liver cancer.
2.

Materials and methods
2.1

Materials

The structure of the SLH10 scFv was modelled using
the Homology module of the Insight II software package
(Biosym/MSI, San Diego, Accelrys Inc.2001). Vector pAB1
(provided by Dr R E Kontermann, Germany) was used for
expression of recombinant antibody fragments (Volkel et al
2001). Escherichia coli strains TG1 and HB2151 (provided
by Dr G Winter, UK) were used for expression of soluble
BsFv. Goat anti-mouse IgG conjugated with horseradish
peroxidase (HRP) was provided by Kirkegaard Perry
Laboratories (Gaithersburg, Maryland, USA). Goat antimouse IgG conjugated with ﬂuorescein isothiocyanate (FITC)
was obtained from Zhongshan Company (Beijing, China).
FITC-conjugated anti-polyhistidine antibody was obtained
from Covance Research Products (Princeton, NJ, USA). NiNTA columns were from Qiagen (Genetimes Technology, Inc.
Shanghai, China) and ﬂow cytometry reagents were from BD
(Becton Dickinson Medical Devices, Shanghai, China).
2.2

Methods

2.2.1 Cell culture: The normal liver cell line L02, human
hepatoma cell line SMMC-7721, cervical carcinoma
J. Biosci. 33(5), December 2008

cell line HeLa, breast cancer cell line MCF-7, human
hepatocarcinoma cell line HepG2 were maintained in
DMEM containing 10% foetal bovine serum (FBS), 100
U/ml penicillin, 100 mg/ml streptomycin and incubated at
37oC in a 5% CO2 atmosphere.
2.2.2 Molecular modelling: The 3D structures of SLH10
were constructed by homology modelling based on Ig VLand VH-domains with highly identical amino acid sequences
and known structures. We searched the Protein Data Bank
(PDB) for antibody sequences that had approximately 66%
homology with SLH10. Two separate BLASTp searches
were performed for VL and VH. The amino acid residue
sequences of the VL and VH domains were compared
with the primary sequences of all Ig deposited in the PDB
using the BLAST program. The SLH10 scFv had a 69%
exact match VH alignment to AB Ctm01 and 66% exact
match VL alignment to Bence–Jones protein Cle protein.
This close sequence homology allowed the construction
of a 3D model of SLH10 using the software package
Homology (Biosym, San Diego, CA, USA). Brieﬂy, the two
sequences were aligned, and coordinates from the alignment
antibody were transferred to the SLH10 scFv, while
coordinates for the linker were assigned by random search
for the lowest energy conformation. The structure was then
relaxed with the Discover program (InsightII, Biosym) by
selective minimization of all atoms of the complementary
determining region (CDR) loops and the side chains in the
framework residues that were replaced. The backbone atoms
of the framework were not minimized because of the close
identity and conservation between the alignment antibody
and SLH10. The structure reﬁnement program Discover was
used for energy minimization and simulation of annealing
with the consistent valence force ﬁeld (CVFF) and assisted
model building and energy (AMBER) force ﬁelds. Based on
these methods, the whole 3D structure was reﬁned by the
methods of molecular mechanics and dynamics (Heng and
Othman 2006).
2.2.3 Construction of BsFv: Two pairs of polymerase chain
reaction (PCR) primers were designed to introduce an
interlinker G4S and the restriction endonuclease site for
AscI. Two fragments were ampliﬁed (SﬁI-VH-VL-linkerAscI and AscI-VH-VL-NotI) from the parental scFv SLH10
by PCR. We ampliﬁed the following SﬁI-VH-VL-linkerAscI fragments (P1, P2):
P1 VH SﬁI 5′-ATTAGGCCCAGCCGGCCATGGCCCA
GGTGC-3′
P2 VL-linker
5′-ACTGGCGCGCCCTCCACTTCCACCTCCACCTA
GGACGGTCAGCTTGGT-3′
We ampliﬁed the following AscI-VH-VL-NotI fragments
(P3, P4):
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P3 Linker-VH 5′-GGAGGGCGCGCCAGTATGGCCCA
GGTGCAG-3′
P4 VL-Not
VL-NotII 5′-ATGTGCGGCCGCACCTAGGACGGT
CAGCTT-3′
The target fragments were then digested with SﬁI and AscI,
or AscI and NotI, and ligated into the expression vector
pAB1, which had been digested with the same pair of
restriction enzymes (ﬁgure 1). TG1 cells were transformed
with the resulting phagmid pAB1–scFv using a standard
chemical transformation protocol (Martineau et al 1998).
Positive colonies that contained the insert were selected by
PCR screening and restriction digestion. The two fragments
were then cloned into the plasmid pAB1 to construct the
expression vector pAB1–BsFv. In addition, the parental
scFv was subcloned by SﬁI/NotI digestion to generate the
expression vector pAB1–scFv.
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2.2.4 Sequencing of the BsFv construct: Plasmid DNA
was prepared from colonies expressing functional
BsFv and sequenced by BoYa Shanghai Company
(China). The sequencing results were analysed using
the BLAST program in GenBank and IMGT/V-Quest
software.
2.2.5 Soluble expression and immunoblot analysis of BsFv:
A positive clone was transformed in non-suppressor E.
coli (HB2151) for soluble expression of BsFv. After 8 h
induction at 30°C with 2 mM isopropyl β-D-thiogalactoside
(IPTG), soluble BsFv was harvested from the bacterial
periplasm. The bacteria were pelleted by centrifugation
for 30 min at 4000×g at 4°C. The bacterial pellets were
resuspended in phosphate-buffered saline (PBS) and
disrupted by three cycles of freeze–thawing. Insoluble
material was removed by centrifugation for 20 min at

Figure 1. Schematic map of BsFv vector construction. Two pairs of PCR primers (P1, P2; P3, P4) were designed to introduce an
interlinker G4S and the restriction endonuclease AscI in the target gene. Two fragments (SﬁI-VH-VL-linker-AscI and AscI-VH-VLNotI) were ampliﬁed from the parent scFv SLH10 by PCR. The two fragments were then cloned into the plasmid pAB1 to construct the
expression vector pAB1–BsFv.
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13 000 g and the BsFv- or scFv-containing supernatant
ﬁltered through a 0.22 μm membrane. Puriﬁed fragments
were prepared using an immobilized metal afﬁnity
chromatography (IMAC) column, and the scFv fragments
eluted with 200 mM imidazole in a ﬁnal volume of 2 ml.
The scFv and BsFv preparations were dialysed against PBS
to remove the imidazole. We got puriﬁed scFv 600 μg and
BsFv 400 μg from 1 litre bacterial culture, respectively.
The samples were concentrated and stored at 4°C at a
concentration of 1 mg/ml BsFv and scFv. The scFv and
BsFv were resolved by 12% reducing SDS-PAGE and
stained with Coomassie brilliant blue R-250. Proteins
were resolved on 10% SDS-PAGE and transferred onto a
nitrocellulose membrane. The membrane was blocked with
4% milk phosphate buffered solution (PBS), followed by
incubation with the anti-his mouse antibody (1:2000, 4oC,
12 h) then the anti-mouse HRP conjugate (1:200, RT, 2 h)
for detection of BsFv. The blot was developed using 3,3′′diaminobenzidine(DAB)/HRP.
2.2.6 Evaluation of the binding activity of BsFv by ﬂow
cytometry: Flow cytometry was used to determine the
speciﬁcity of BsFv binding activity in L02, HepG2, HeLa,
MCF-7 and SMMC7721 cell lines. 500 μl BsFv (1 mg/ml)
and scFv were blocked with 6% bovine serum albumin
(BSA) in PBS. The blocked BsFv was added to parallel
plates containing 1×105 cells (1 h, 4°C, gentle agitation).
The cells were washed twice and centrifuged. After
three additional washes, the cells were analysed by ﬂow
cytometry. BsFv and scFv staining was detected using an
FITC-conjugated anti-polyhistidine antibody. In each case,
the intensities of the FITC and phycoerythrin (PE) staining
of the cells were assessed.

(i)

3.
3.1

Results and discussion
3D models of SLH10

The atomic coordinates of the antibody framework region
(FWR) and CDR with a high degree of amino acid sequence
homology to the SLH10 sequences were identiﬁed by a
BLAST search of the RCSB PDB. For modelling of the
SLH10 light chain, FWR1 to FWR4 and CDR1 to CDR3
were taken from the PDB entries 1LIL_A, and for the
heavy chain the PDB entries 1AD9_H were selected. We
investigated the structure–surface static electricity and
hydrophobicity of scFv. Computer graphic modelling
indicated that all sites of the VH and VL chains were correct
in structure. Both the VH and VL regions were involved in
the composition of the hydrophobic pocket. The linker was
isolated from the VH and VL regions. The CDRs of the VH
and VL regions surrounded the hydrophobic pocket (ﬁgure
2). Antigen-binding sites on the SLH10 VH and VL chains
were identiﬁed by sequence homology with the CDRs of the
corresponding protein structure. CDR1: SYDIN; CDR2:
WMNPNSGNTGYAWKFWG; CDR3: AETGLG. We used
the same method to identify the VL CDRs. In the 3D structure
of SLH10, the VH and VL regions bind closely together by
linkers through covalent binding. The linker chain extends
out from between the VH and VL chains, but does not affect
the formation of the scFv. The disulphide bonds contribute
to the stability of the structure. The CDR3 region of SLH10
was surrounded by a pocket of seven hydrophobic amino
acids – 101 (Leu), 102 (Gly), 219 (Thr), 220 (Val), 221 (Phe)
and 222 (Gly). Furthermore, the hydrophobic pocket of the
SLH10 chain contained 94 (Phe) and 221 (Tyr)( Zheng et al

(ii)

Figure 2. 3D model of SLH10. (i) The complementary determining regions (CDRs) of the SLH10 VH chain ; (ii) the 3D model of the
SLH10; the VL chain is purple, the VH chain is brown, the antigen-binding region is light blue and the linker is dark blue.
J. Biosci. 33(5), December 2008
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Figure 3. Construction and soluble expression of BsFv. (A) Electrophoresis of scFv fragments ampliﬁed by PCR. M, DNA marker; 1,
PCR products of AscI-scFv-NotI fragments; 2, PCR products of SﬁI-scFv-linker-AscI fragments. (B) Electrophoresis of NotI and SﬁI double
digested products of BsFv and scFv. Lanes 1, 2: products of pAB1–BsFv and pAB1–ScFv digested with SﬁI/NotI. (C) SDS-PAGE of the
puriﬁed products of BsFv. Lane 1: insoluble protein prepared from E. coli culture; Lane 2: soluble protein prepared from E. coli culture;
Lane 3: molecular weight marker; Lane 4: puriﬁed BsFv expression products. (D) Immunoblot analysis of puriﬁed scFv and BsFv. Lanes
1, 2: The puriﬁed products of BsFv and scFv, respectively.

2005) amino acids that had benzene rings (Merienne et al
1997; Jorgensen et al 2002; Feng et al 2003;).
3.2

Construction of BsFv

The DNA encoding the VH and VL of SLH10 were
ampliﬁed from the positive clone. Two pairs of PCR primers
were designed to introduce an interlinker G4S and the
restriction endonuclease site for AscI. Two fragments were
ampliﬁed (SﬁI-VH-VL-linker-AscI and AscI-VH-VL-NotI)

from the parental scFv SLH10 by PCR (ﬁgure 3 A and B).
The sequencing results and BLAST analysis showed that
the SLH10 BsFv sequence was homologous to the scFv
sequence. The scFv fragments were joined together by the
linker GGGGSGGRAS. The scFv fragments were cloned
successfully into the BsFv expression vector.
3.3

Soluble expression and immunoblot analysis of BsFv

SLH10 BsFv was expressed in its soluble form by induction
of the infected HB2151 culture with 2 mM IPTG for 8 h
J. Biosci. 33(5), December 2008
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Figure 4. Binding activity of BsFv and scFv to different cell lines
by ﬂow cytometry. Results are expressed as the mean ﬂuorescence
intensity, which represents the level of scFv and BsFv binding to
the total cells. MFI, mean ﬂuorescence intensity.

at 30°C. After induction, a band with a molecular weight
of approximately 60 kDa was detected in the periplasmic
extract of infected HB2151 cells (ﬁgure 3 C and D).

The most commonly used binding linker sequence is
GGGGS. However, the linkers should not be too short,
since they should maintain favourable antibody formation
with a space that is conducive to stability and conformation
(Jain et al 2007; Todorovska et al 2001). Therefore, in this
study, we designed a linker that had a length of 10 amino
acids with a sequence of GGGGSGGRAS. The bivalent
format should prove useful for many antibody phage display
applications and for the display of other proteins that require
dimerization or increased avidity. BsFv showed better
binding properties with the HepG2 cell line than scFv due
to its bivalent binding. We expect that the improved binding
properties of BsFv will improve diagnostic and therapeutic
applications such as tumour imaging or targeted cancer
therapy.
Acknowledgements

3.4

Evaluation of the binding activity of BsFv by ﬂow
cytometry

Flow cytometry was used to detect the speciﬁcity of
BsFv binding activity with the L02, HepG2, HeLa,
MCF-7 and SMMC7721 cell lines. BsFv showed better
binding properties with the HepG2 cell line than scFv
(ﬁgure 4).
An scFv antibody SLH10 was identiﬁed which could
bind extensively to the HepG2 cell line by biopanning from
a large, naive phage display library. Its DNA sequence was
submitted to GenBank (accession nos: AY686499) ((Yu
Yu
et al 2005). In this study, the 3D structure of SLH10 was
modelled using the Insight II molecule simulation software.
The reasonable scores of SLH10 homology modelling after
optimization of molecular dynamics were identiﬁed by
Proﬁle-3D as 113.219917 (Bose
(Bose et al 2003; Li et al 2007;
Zheng et al 2005). This resulted in a more protruding and
open hydrophobic pocket in SLH10, which leads to easier
antigen binding. The structure of SLH10 scFv modelling
was stable, thereby providing a basis for analysing the
function of scFv.
scFvs have relatively low avidity due to their single
antigen-binding site (Thomas et al 1996). Although the
scFv itself has a small molecular weight that would be
suitable for penetrating tumour cells, its stability is poor.
Through an intermediate connecting peptide (interlinker),
two scFvs can be constructed into a bivalent antibody which
may be folded with high binding properties (Bera et al
1998; Muller et al 2007). Our results show that the SLH10
BsFv expression vector was constructed successfully and
expressed active protein molecules. Compared with scFv,
BsFv showed higher cell-binding activity. BsFv has two
binding sites that promote the avidity of antibody binding
(Wang et al 2007). The sequence and length of the linkers
are important for bivalent antibody-mediated cell effects.
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