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Design and optimization of a linker for fusion protein construction

Jianhua Zhang a,*, Jun Yun b, Zhigang Shang a, Xiaohui Zhang c, Borong Pan b

a Department of Biomedical Engineering, Zhengzhou University, Zhengzhou 450001, China
b Department of General Surgery, Xijing Hospital, Fourth Military Medical University, Xi’an 710033, China

c College of Medicine, University of South Florida, FL 33647, USA

Received 23 November 2008; received in revised form 9 December 2008; accepted 14 December 2008

Abstract

Bivalent, bispecific single-chain antibody fusion protein construction appears to be a promising tool for tumor therapy. One of its
drawbacks is that the function and activity of the fusion proteins have varied affinity and/or anti-tumor activity compared with the ori-
ginal molecules from which they are derived. A more optimized linker for fusion proteins would confer more favorable biological activ-
ities upon bispecific single-chain antibodies. Thus, it is critical to design and optimize an inter-peptide linker. With different functional
domains and optimized linkers, fusion proteins provide a solid base for targeted immune therapy for malignancies. In this paper, we
review the inter-peptide linker studies and the design of an optimized linker using genetic algorithms. The spatial structure of the fusion
protein can be predicted by using genetic and bioinformatics research. Based on current research, the future focus will be on different
correlation models to perform simulations of spatial structures and drug molecule design.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

With the development of molecular biology, tumor ther-
apy has entered an era of molecule and gene therapy [1–3].

The combination of gene therapy with conventional
therapeutic approaches enables a more favorable efficacy
to be achieved, thus representing a promising treatment
option for the future.

There have been quite a few achievements in tumor gene
therapy; for example, several genes are under study in clin-
ical trials [4,5]. However, most of them are experimental
and many key techniques and theories still need more
exploration, such as the identification of reliable target
genes, safe and efficient vectors, targeted regulation of gene
therapy, and the combination of multiple gene therapies or
the combination of gene therapy with conventional thera-

pies. These problems are currently being faced in tumor
gene therapy and are the focus of future research.

Single-chain Fv antibodies (for example, ScFv) are ideal
tools for construction of single-chain bispecific antibody
fusion proteins [1,6,7]. Bivalent antibodies derived from
ScFv using genetic engineering have promising future
applications in a clinical setting, since ScFv itself is thera-
peutic and since it can be used as a vector to combine with
a toxin [8]. One of the problems with this approach is that
the fusion proteins have varied affinity and anti-tumor
activity compared with the original molecules from which
they are derived. Determining the optimal inter-peptide lin-
ker in fusion proteins is one of the key issues to be solved.
Thus, the design and analysis of linker proteins will be a
future research focus.

2. Current research on inter-peptide linkers

The reason that fusion proteins have varied affinity and
anti-tumor activity compared with the original molecules is
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the structural alterations of the fusion proteins [1,9–12].
The factors determining the biological activities of the
fusion proteins include (1) the spatial position of the
derived molecules, which is determined by its active
domains; (2) the structure of individual receptors for the
derived molecules and their correlation; (3) the size and
complexity of the linker; and (4) other factors that could
affect the spatial structures of the fusion proteins.

In the construction of antibody fusion proteins,
researchers pointed out that optimized linkers contribute
not only to the expression efficiency of the fusion protein,
but also to the correct folding and corresponding biological
activities of the different domains of the fusion proteins.
Fang et al. [13] designed and constructed single-chain
bispecific antibodies with different inter-peptide linkers,
using an altered anti-human CD3 ScFv antibody and an
anti-human ovarian-associated antigen OC183B2 ScFv
antibody. They studied the effects of different linkers on
the expression of the single-chain bispecific antibody, bind-
ing activities to the antigen, and its in vivo stability. Their
results showed that the inter-peptide linkers can affect the
antigen-binding activities and the in vivo stability of the
bispecific antibody. Another study by Liu et al. [14] showed
that the longer the inter-peptide linkers were, the better the
preservation of the independent folding and biological
activities of the two molecules. However, longer linkers
can also be easily cleaved by the proteases of the host cells,
because the structures of the linkers and the adjacent
regions are more loosely connected. Therefore, recombi-
nant proteins, especially those in the eukaryotic cells with
complex proteases, often have weak linking regions, which
are subject to digestion. Yan et al. [15] successfully con-
structed an anti-human colorectal cancer bivalent single-
chain ND-a SC(Fv)2 with a linker of GGGGS. It was
highly expressed in Escherichia coli and the fusion protein
has good immune activities.

Other researchers [16,17] manipulated peptide linking at
the DNA level. These studies showed that the length of the
linkers, composition of amino acids, glycosylation status,
and flexibility of the linkers with the half-molecules are
the factors that affect the function and stability of fusion
proteins.

Some researchers [18] believe that sufficient length and
certain sequence characteristics are the key factors that
provide the two half-molecules with sufficient free space
to fulfill their functions, and avoiding the formation of
the a-helix and b-sheet is important for stability. The size
of the antibody and different degrees of affinity can all
affect the hemodynamic features of the single-chain bispec-
ific antibodies [19]. Increasing the molecular weight of an
antibody slowed the clearance rate, but the permeation into
the tumors was decreased. Besides the molecular weight,
other factors like conformation of the antibody, and charge
features and binding characteristics can also affect the
metabolism of the fusion protein. In studies by Gustavsson
[16], linkers with a length of 4–44 amino acid residues were
proposed to be optimized, whereas in the studies of Le Gall

[9] 6–27 residues were considered to be good. Both studies
agreed that the length and composition of the linkers affect
the functionality and stability of the ScFv. Linkers that are
too short negatively affect protein folding by spatial occu-
pancy, and those that are too long enhance the antigenicity
of the ScFv antibody and also affect the functionality and
activity of ScFv antibodies.

To summarize, the factors that affect the functionality
and activity of the ScFv antibody include its composition,
length, flexibility, and also the conformation, charge and
binding features of the original molecules. Thus, an opti-
mized inter-peptide linker is a critical factor for the ScFv
antibody’s biological activity, although further mecha-
nisms remain to be explored. Further research on inter-
peptide linkers will be of great significance in the screening
and construction of single-chain bispecific antibodies.

3. Bioinformatics in the design of inter-peptide linkers

With the development of proteomics and protein com-
position, structure and function are more frequently stud-
ied. In studies on the relationship between the structure
and activity of fusion proteins, bioinformatics has proven
to be a powerful tool. An important area of bioinformatics
is drug design based on structural simulation of biological
molecules. The simulation of spatial structure and molecu-
lar drug design, including studies on fusion proteins with
various functional domains and inter-peptide linkers, is a
focus of current research [20–22].

3.1. Analyses of the structures of the derived factors using
homology modeling

It is well known that a protein’s function is determined
by its structure, and its structure is determined by the
amino acid sequence. Bioinformatics can be used to predict
the function of unknown proteins based on the current
knowledge of protein sequences, structure and function
[23–26]. This approach is cost-effective, time saving and
reliable.

Protein structures are more conserved than protein
sequences. If two proteins have 50% homologs of amino
acid residues, 90% of the a-carbon atoms are positioned
similarly, with a variation of 3 Å. This guarantees the suc-
cess of homology modeling in protein structure prediction.
Homology modeling relies on the identification of one or
more known protein structures, known as ‘‘templates”,
likely to resemble the structure of the query sequence,
and on the production of an alignment that maps residues
in the query sequence to residues in the template sequence.
This can be done by searching databases of protein
sequences and structures such as the Protein Data Bank
(PDB). The sequence alignment and template structure
are then used to produce a structural model of the target.
Detectable levels of sequence similarity usually imply sig-
nificant structural similarity. The homology modeling
study is the main successful method to predict a protein’s
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three dimensional structure [27]. An example is structural
studies of G-protein-coupled receptors [28]. G-protein-cou-
pled receptors are a family of receptors on the cell mem-
brane. They play important roles in signal transduction
pathways, and, thus, are important targets for drug devel-
opment. Because there is no experimental method to deter-
mine their native protein structures, researchers used
Insight II software developed by Accelrys, in which molec-
ular simulation and homology modeling are utilized, gener-
ated 3D structures, and then studied the protein functions
and designed drugs based on the structures [28].

Homology modeling has been successfully applied to the
correlation of protein sequences, structures and functions.
Particularly, orthologous proteins often have conserved
residues, and these residues can be interpreted by protein
3D modeling. Using such a structure model, multiple
sequences of orthologous proteins can be compared and
interpreted according to the restrictions of natural selec-
tion, requirements of protein folding, stability, dynamics,
and function. Indeed, homology modeling can help us to
determine which functional groups a protein possesses
based on analyses of critically conserved residues at the
active sites and binding sites. Thus, homology modeling
plays an important role in computer-aided drug design
[22,29].

3.2. Design of inter-peptide linkers with improved genetic

algorithms

Since Holland developed the first genetic algorithm
(GA) in 1975 [30], GAs have widely been used in the issue
of optimization in many fields, because GA has character-
istics of independence of model of problems, global optimi-
zation, implicit parallelism, high efficiency, and robustness
in solving non-linear problems. GAs were introduced into
computer-aided molecular drug design in the 1990s and
have become among the most widely used non-numerical
optimized algorithms.

In recent years, there have been many advances in GAs
[31]. GAs have been improved to include hierarchical dis-
tributed GAs, adaptive GAs, and GAs based on migration
and artificial selection (GAMAS). In addition, researchers
have also combined GAs and other optimization methods
such as the GA/simulated annealing hybrid algorithm,
the GA/fuzzy hybrid algorithm, and the GA/Tabu search
hybrid algorithm.

There have also been advances in the application of GAs
in the prediction and design of protein structures
[23,32,33]. GAs have a lot of unique advantages in protein
analyses. For example, a GA might be used to simulate
natural biological evolution and to follow the natural rules
of duplication, hybridization, and mutation. However,
standard GAs also have disadvantages such as slow con-
vergence rate and are frequently premature. Thus, GAs
have been improved for fitness sharing, crossover, muta-
tion operator, and selections of control parameters. These
algorithms have improved searching capability, searching

efficiency, and convergence. These improved algorithms
and hybrid algorithms are of great significance for molecu-
lar drug design.

4. Prospective view

At present, fusion proteins have varied affinity and anti-
tumor activity compared with the original molecules; this is
due to structural alterations of the fusion proteins [1,9–12],
so we can optimize inter-peptide linkers with the computer-
aided design. Based on homology modeling of derivatives,
the future design of inter-peptide linkers can be regarded as
solving an equation. Not only are the structures and char-
acteristics of target molecules taken into consideration, but
the composition, length, and flexibility of the inter-peptide
linker must also be considered. Improved GAs can be
applied to linker design and optimization. The selection
of the fitness function may be one of the key factors in
the improvement of these algorithms to optimize linker
design.

Using a model of molecular quantization, different cor-
relation models can be established to perform the simula-
tion of spatial structures and molecular drug design.
Based on databases of natural protein structures and func-
tions, the spatial structures and functions of fusion proteins
can be predicted using homology modeling. Combined
with bioinformatics and genetic research, this approach
can be used to search for new agents to use in gene therapy
for malignant neoplasms.
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