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Abstract Nonspecific interactions between immobilized
biomolecules and interfering proteins significantly impede
biosensor development and commercialization. Advances
in bioinformatics and computer technology have facilitated
a greater understanding of biological interactions. We
employed two different protein—protein docking programs
to simulate the nonspecific interaction between ampicillin
antibody and potential interfering proteins (human serum
albumin and ovalbumin). To evaluate the contact and
probability of association with the active site of the
antibody, different amino acid chains from human serum
albumin (HSA) and ovalbumin (OVA) were modeled in the
simulation. In addition, a well-known specific immune
complex, lysozyme and lysozyme antibody, was simulated
for comparison. The results demonstrated that the cluster
density of nonspecific interactions was smaller than the
specific interaction between lysozyme and antibody, and
that the dock scores were scattered. However, the active site
of ampicillin antibody was prone to nonspecific protein
interactions. The strength of interaction was different for
specific binding and nonspecific binding. These results
provide a platform for detecting the probability of nonspe-
cific interactions and for improving methods of biosensor
detection construction with reduced nonspecific adsorption.
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Introduction

Advances in biotechnology have yielded a plethora of
commercial products that rely on biomolecular interactions.
Biosensors are useful analytical tools for basic research,
and they have many practical and commercial applications
in medicine, environmental protection, and food safety [1—
5]. Two crucial factors in the applicability of a biosensor
are the sensitivity and the specificity of the immobilized
biological molecules that detect analytes. Specificity is
conferred by two types of interactions: those at the interface
of the biotic and supporting abiotic components, and those
between the biomolecule-recognizing element and the
analyte [6, 7]. An immunosensor is a common type of
biosensor that exploits the specific molecular recognition of
an antigen by an antibody [8]. For some small chemical
analytes with low antigenicity, it is often necessary to use
chemical-protein conjugates for antibody production. In
addition, to improve and stabilize the biosensor, many
applications use bovine serum albumin (BSA) or ovalbumin
(OVA) as a binding protein for antigen immobilization [9-12].
BSA also serves as a blocking solution to occupy excess
binding sites on the electrode [13—16]. Serum albumin is a
common and abundant protein in the animal hematologic
system that transports drugs, nutriments, and other blood-
borne molecules. Thus, in order to detect antibiotic residues
in food or the environment using a biosensor, it is necessary
to evaluate the adsorption of BSA on the supporting surface,
and the affinities of BSA and OVA for the antibody.

Due to technological innovations in bioinformatics, a
wealth of experimental and theoretical structural data has
become available, and the number of therapeutically relevant
macromolecular structures is growing rapidly [17]. Molecular
simulation is a complementary approach to research in
chemistry and biochemistry that is based on the use of
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quantum mechanics (QM), molecular mechanics (MM), and
the high computational capacities of advanced computer
systems [18, 19]. Compared with experimental methods,
computational studies have some advantages, such as lower
research costs, greater safety, the ability to study molecular
interactions on very fast time scales, and high reproducibility.
Jeyachandran et al. [20] studied the adsorption/desorption of
BSA on hydrophilic and hydrophobic surfaces. They modeled
the adsorption in silico using the Material Studio software
package, and simulations were found to give results in accord
with experimental results. Molecular simulation has also been
used to study protein—protein binding, such as enzyme—
substrate and antibody—antigen interactions. In addition, other
special software packages have been developed [21]. Al-
though there are experimental and computational challenges
in this field [22], these new research methods could facilitate
biosensor development by permitting detailed investigations
of biomolecule recognition at the interfaces of supported
materials, as well as the interference caused by other proteins.
In simulations of protein—protein interactions, the basic
input data are derived from protein crystallography and
sequence analysis. Interactions are modeled based on shape
complementarity, electrostatics interactions, and other rele-
vant biochemical information. The ZDOCK algorithm models
initial-stage docking and optimizes desolvation, pairwise
shape complementarity (PSC), and electrostatics using a fast
Fourier transform (FFT) method, and it has been shown to
accurately predict many functional protein interactions [23,
24]. Most studies have focused on specific functional protein
interaction simulations. However, many nonspecific protein
interactions can interfere with biosensor responses, so they
require further experimental and theoretical study. In this
report, we employed ZDOCK to predict nonspecific inter-
actions between ampicillin antibody and human serum
albumin (HSA)/ovalbumin (OVA) in order to improve
ampicillin residue detection by immunosensors and to
evaluate a computer-aided methodology for simulating and
analyzing nonspecific interactions between proteins.

Computational protein—protein docking methods

The 3D structures of ovalbumin, the lysozyme antibody
complex, and the ampicillin antibody complex were down-
loaded from the Protein Data Bank (the PDB codes were
10VA, 1JTT, and 1HS8S). The crystal structure of BSA was
not included in the PDB, so we used the 3D structure of
HSA (PDB code, 1A06), as it has 76% amino acid
sequence identity with BSA [25].

We choose two different in silico methods to study the
docked complex. FiberDock [26] (http://bioinfo3d.cs.tau.ac.
il/FiberDock) is a solution for docking that models backbone
flexibility via an unlimited number of normal modes. We
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uploaded PDB file 1H8S (ampicillin antibody) as the
receptor and PDB files 1AO6 (HSA) and 10VA (OVA) as
ligands for docking simulations without any binding chains
and parameter alterations. The custom parameters, including
“backbone refinement,” “backbone flexibility level,” “rigid-
body optimization (number of MC cycles),” and “atomic
radius scale” were set to their default values.

We defined ampicillin antibody chain A as the receptor for
binding as well as chain A of HSA and chain A of OVA as the
ligands for binding using the ZDOCK program package
integrated into Discovery Studio 2.1. In addition, another
docking simulation between chain B of the ampicillin antibody
(receptor) and chain A of HSA (ligand) was performed by
ZDOCK. Before the ZDOCK runs, the PDB files were treated
with “protein reports and utilities tools” to split the protein
structure and to add hydrogen atoms and termini to the proteins.
The ZDOCK program [23, 27] is an initial-stage docking
algorithm that provides near-native structure predictions. It
employs three steps: a search procedure, blocking and
filtering, and the processing of possible poses by clustering.
The search procedure exhaustively searches all rotational and
translational spaces for the ligand protein relative to the
receptor protein, which is fixed at its starting orientation.
Filtering is used to eliminate conformations that do not
include the specified residue(s) at the interface by defining
atoms that are within or beyond a cut-off distance. The
clustering of the docked poses is based on an all-against-all
RMSD matrix. The RMSD between two docked poses is
calculated based on the ligand residues within a user-specified
distance of the binding interface. Therefore, we chose the
following ZDOCK parameters: the “distance cut-off” when
filtering poses was 10.0A, the top 2000 poses were used for
clustering, the “RMSD cut-off” and the “interface cut-off” for
clustering were both 10.0A, and the “maximum number of
clusters” was 60. Other parameters were kept at their default
values. We then conducted computational trials to compare
the different protein—protein docking results.

In order to evaluate the validity of the docking method
for simulating nonspecific protein—protein interactions, we
first performed specific antibody—antigen docking by
ZDOCK for a well-known immune complex, lysozyme
and lysozyme antibody (PDB code 1JTT).

Results and analysis
Protein—protein interaction simulation by FiberDock

The 3D structures of many protein complexes are now
available and can be used to model other enzyme—substrate
and antibody—antigen interactions. A greater understanding
of these biological processes will benefit clinical medicine
and biological product applications.


http://bioinfo3d.cs.tau.ac.il/FiberDock
http://bioinfo3d.cs.tau.ac.il/FiberDock
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As it is a small molecule, the preparation of an ampicillin
antibody necessitates the conjugation of ampicillin to BSA
or OVA in order to confer immunogenicity [28-30].
FiberDock is an efficient method for flexibly refining and
re-scoring rigid-body protein—protein docking solutions.
The method iteratively minimizes the structure of the
flexible protein along the most relevant modes. The
relevance of a mode is calculated based on the correlation
between the chemical forces applied to each atom and the
translational vector of each atom, according to the normal
mode. Figure 1 displays the reported best simulation result
for the antibody—HSA interaction. The full protein—protein
complex is depicted on the left; this shows that only the two
A chains participate in the interaction while the B chains
remain in their natural configurations. The right panel in
Fig. 1 shows the HSA and antibody residues that are closest
together. The figure also shows the aspartic acid and
asparagine (Asp, Asn), glutamic acid and glutarnine (Glu,
Gln), arginine (Arg), tryptophan (Trp), and tyrosine (Tyr)
residues that appear in the active region.

OVA is another binding protein that is often conjugated
to small drugs such as antibiotics and toxins for enhanced
antigenicity. It has four amino acid chains, two of which
interact with all antibody proteins. Figure 2 illustrates the
protein—protein docking result for ampicillin antibody and
OVA. We can see that two A chains of the two proteins
interact in the docked complex. The antibody’s active site
lies in chain A.

Protein—protein interaction simulation using ZDOCK

The results of the FiberDock simulations indicated that for
full antigen coupling between protein and antibody, the

Fig. 1 Simulation result for the ampicillin antibody—HSA interaction.
Left, full protein—protein complex; right, HSA and antibody residues
that are closest together. Green antibody, purple HSA

Fig. 2 Simulation result for the ampicillin antibody—OVA interaction.
Green antibody, purple OVA)

complementarity-determining regions (CDRs) of the anti-
body tended to bind to HSA and OVA. The next questions
to address were whether this interaction was nonspecific
and whether antibody chain B could also bind to HSA. The
3D structure of 1H8S [30] comes from ampicillin antibody
prepared using an ampicillin-BSA conjugate (used to
immunize mice), so we also wanted to see whether this
influenced the affinity of the antibody for OVA. We used
ZDOCK to study the binding affinities of different antibody
amino acids in the other protein chains present during
nonspecific interactions.

The ZDOCK results provided 2000 docked poses that
rely on atomic motions simulated by the molecular force
field. Evaluating the properties of an ensemble of docked
structures through clustering can help to filter these docked
poses [31, 32]. Each possible pose was analyzed statisti-
cally by clustering based on an all-against-all RMSD
matrix. Figure 3 shows the cluster density for each docked
protein complex. Around 1200 docked poses with nonspe-
cific interactions and 1600 lysozyme—antibody poses were
included among the 60 clusters. The poses with the specific
interaction between antibody and lysozyme mostly oc-
curred in the top 20 clusters, with about 400 located in the
first three clusters and a total of 1040 poses present in the
top 20 clusters. In contrast, poses with nonspecific
interactions were decentralized, especially chain B of the
ampicillin antibody when interacting with HSA. The
number of these poses in the top 20 clusters was small
(580 for chain A and 560 for chain B; see Fig. 3a and b).
For the interaction of ampicillin antibody with OVA, we
focused on chain A of the ampicillin antibody. The
interaction between the two A chains is shown in Fig. 3d.
The cluster density was similar to those found for the
interactions represented by Fig. 3a and b. In particular, the
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Fig. 3a—d ZDOCK cluster densities in different protein—protein interaction simulations: a ampicillin antibody chain A and HSA chain A, b ampicillin
antibody chain B and HSA chain A, ¢ lysozyme and antibody, PDB code 1JTT, d ampicillin antibody chain A and OVA chain A

first three clusters were similar. There were about 700 poses in
the top 20 clusters. This indicated that there was a greater
probability of the specific interaction occurring than nonspe-
cific interactions. In another words, protein—protein interac-
tion simulations in computer-aided studies can shed light on
biosensor performance during both specific and nonspecific
interactions, and can be used to assess the probability of both.

Although the simulation of ampicillin antibody chain A
and OVA chain A gave a larger number of poses among the
top 20 clusters, the ZDock score was reversed. The ZDock
score is the shape complementarity score calculated by the
ZDOCK program, and includes electrostatics and desolva-
tion energy terms. Higher scores are better. The dock scores
of the ampicillin antibody chain A and OVA chain A poses
(Fig. 4d) were the lowest among these four complexes,
followed by 1H8S chain B and HSA chain A poses
(Fig. 4b), while the poses of ampicillin antibody chain A
binding to HSA gave the highest ZDock scores (Fig. 4a).
This result corresponded to the FiberDock result for full
protein recognition, so the method used to prepare the
antibody (i.e., the conjugate used) may affect specificity.
However, for the specific interaction of the biomolecule,
although lysozyme and its antibody gained a more intensive
score (13~18) than ampicillin antibody chain A binding to
HSA (16~26), its score were lower. This result demonstrated
that the antibody’s active site can be influenced by the
nonspecific interaction probability.

Biomolecular association is thought to occur in two
steps: encountering and then docking through the formation
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of specific contacts and noncovalent bonds. Electrostatic
interactions would therefore be expected to directly
influence both the initial association (through steering)
and the strength of the docked complex (through salt
bridges and hydrogen bonds). For special immune reac-
tions, electrostatic interactions are also significant. Electro-
static differences at antibody—antigen binding sites should
have important implications for specificity and cross-
reactivity. Researchers have reported that there are large
differences among the three specific antibody and
lysozyme complexes in their electrostatic binding components
[33].

ZRANK [34] is a method for quickly and accurately re-
ranking the docked protein complexes predicted by the
ZDOCK rigid body docking program. ZDOCK predictions
are made based on desolvation free energy and electrostatic
force. The aqueous solvent is an important part of any
protein—protein system. At binding sites, individual water
molecules can influence the binding affinity, while in the
bulk solvent, the polarization, reorganization, and orienta-
tions of water molecules can make it difficult to character-
ize bulk—solvent electrostatic effects quantitatively. The
process of desolvation involves these important bulk
solvation effects. ZDOCK estimates desolvation based on
the atom contact energy (ACE). The ACE is defined as the
free energy necessary to replace two protein atom—water
contacts with the corresponding protein atom—protein atom
and water—water contacts. Figure 5 shows the solvation
effect simulations. We found that the specific interaction
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Fig. 4a—d ZDock scores from different protein—protein interaction simulations: a ampicillin antibody chain A and HSA chain A, b ampicillin antibody
chain B and HSA chain A, ¢ lysozyme and antibody, PDB code 1JTT, d ampicillin antibody chain A and OVA chain A

between lysozyme and lysozyme antibody (Fig. 5c) has a
relatively low and intensive solvation free energy (—10 to
20 kcal mol'). For the other three interactions, the
solvation effects associated with Fig. 5a and b (about 0—
60 kcal mol ") are larger than those associated with Fig. 5d
(—10 to 40 kcal mol "), which in turn are nearest to those
associated with Fig. 5d (i.e.,, axb > d>c).

Figure 6 illustrates the electrostatic interactions of the
various associated biomolecules. Figure 6a shows greater
electrostatic interactions than Fig. 6c and d (similar to
ranking seen for the solvation free energies in Fig. 5). This
demonstrates the relationship between solvation and electro-
static interactions. Van der Waals (VdW) contact refers to the
treatment of the core—core repulsion and the attractive van
der Waals dispersion interactions between different atoms.
The VAW contact was calculated between all atom pairs
within a user-specified interatomic cut-off distance (10.0A in
this work), except for covalently bonded atom pairs and
atom pairs separated by two covalent bonds. Van der Waals
force effects were usually considered with electrostatic
interactions, and they showed a cooperative effect.

Figure 7 illustrates the VAW contacts of different
complexes. The specific interaction between lysozyme and
antibody had the highest value (=100 to 0 kcal mol ™),
while the other three reactions gave lower or similar values.
The complex poses associated with Fig. 7a and d, which

both include the antibody’s active site, have higher values
than the poses associated with Fig. 7b. Thus, these results
are similar to those shown in Fig. 5 too. These factors
mainly act on the atoms of unbound proteins. In order to
evaluate the interactions with active sites, water molecules
and amino acid atoms should be taken into account.
ZDock scores based on grid-based shape complementarity
and desolvation showed that a nonspecific interaction between
HSA and ampicillin antibody was highly probable due to
shape complementarity. The effects of desolvation and
electrostatic forces on the ZDock scores are less obvious,
and the cluster density may be related to these factors. Thus,
the docking simulation indicated that nonspecific interactions
should occur between the ampicillin antibody and interfering
ground proteins, and the antibody’s active site is a favorable
binding site. In addition, these results provide a theoretical
basis for evaluating and controlling the probability of
nonspecific adsorption during biosensor analytical processes.

Discussion
The high specificities and efficiencies of immunoreactions
have been exploited in biomolecule sensing and analysis;

for example, food safety determination involves the
detection of trace amounts of undesired compounds like
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residual veterinary antibiotics. These contaminants are  shows a schematic of the preparation of this antibody. Thus,
often small molecules, so BSA or OVA must be used for  the prepared ampicillin antibody may also possess BSA
antibody production. We focused on the development of an ~ and/or OVA affinity that could influence an antibody-based
ampicillin residue detection immunosensor, and Fig. 8a  analytical method. Immunosensors often utilize two main
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formats: direct detection by the immobilized antibody and
indirect detection by immobilized antigen coupling (as
illustrated in Fig. 8b and c, respectively).

Figure 9 shows the chemical structure of the ampicillin
antibody provided in the PDB. Figure 9a is the ampicillin—
antibody complex. It has two protein chains; chain A
provides a special cavity in its secondary or tertiary
structure into which the ampicillin molecule embeds.
Figure 9b shows the detailed binding features of ampicillin
within the cavity based on the chemical and physical
reactions between atoms of the antibody residues and
ampicillin. The interactions include hydrogen bonds,
hydrophobic interactions, electrostatic interactions, and
van der Waals forces. Thus, the active site often includes
aspartic acid and asparagine (Asp, Asn), glutamic acid and
glutarnine (Glu, Gln), arginine (Arg), tryptophan (Trp), and
tyrosine (Tyr) residues that tend to interact with side chains.
Note that these residues are also found in Fig. 1. This
implies that the active site of the ampicillin antibody can
also participate in the interaction of the antibody with BSA.

Although there are some differences in the binding of a
large protein and the binding of a small molecule, the
docking results reveal some general rules. As shown in
Fig. 8, BSA has been given before detection ampicillin
residue, and if the antibody is bound to a large protein it
should not bind to ampicillin. In the direct detection format,
the efficiency and specificity of the immobilized ampicillin
antibody was decreased by binding to the BSA used for

blocking. In contrast, in the indirect format, despite
immobilized antigen coupling or blocking by BSA, there
are BSA and ampicillin molecules on the surface of the
electrode. Therefore, the excess antibody in detection
samples should bind to BSA or ampicillin, and the
detection signal should not be influenced. Thus, for no
BSA was contained in detection solution, although the
efficiency was lower, the direct format seems accurately.
The detection milk sample contained BSA would influence
on both, and seriously to indirect one.

Bacigalupo et al. [35] developed an ampicillin haptenized-
BSA immobilization-based time-resolved fluoroimmunoas-
say with a detection limit of 1 ng/ml. Samsonova et al. [36]
reported an enzyme immunoassay based on polyclonal
antibodies obtained by immunizing with ampicillin conju-
gated to BSA that could detect 5 ng/ml ampicillin in milk.
Meyer [37] also reported a fully automated standalone flow-
injection immunoanalysis (FIA) for the determination of
cephalexin with a working range of 3-30 pug/L and an LOD
of 1 ug/L, but BSA also appeared in the assay during the
immune reaction. Chen et al. [38] reported a rapid enzyme-
linked immunosorbent assay (ELISA) for cephalexin (CEX)
residue detection based on a monoclonal antibody (mAb)
against cephalexin—bovine serum albumin (CEX-BSA)
conjugate as the immunogen. The detection limit of this
rapid ELISA was calculated as 0.39 pg/kg. The ELISA used
cephalexin-OVA (CEX-OVA) as the immobilized compet-
itive antigen and 4% (w/v) skim milk in carbonate buffer as
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the blocking solution. Wu et al. [39] reported an ampero-
metric immunosensor based on co-immobilizing new meth-
ylene blue (NMB) and horseradish peroxidase (HRP)-labeled
penicillin pAb (Ab*) on a glassy-carbon electrode that had
an LOD of 0.3 pg/L. However, they used gelatin as the
blocking agent, and any BSA appearance should be founded
during detection process. Thavarungkul et al. reported their
work on a detector with a remarkably low LOD for penicillin
G (3x107'5 M) [40]. Although it was based on monoclonal
anti-penicillin G and label-free impedimetric flow-injection
immune-reaction detection, it should be noted that they used
10 mM 1-dodecanethiol ethanol solution as the blocking
agent rather than BSA. These research findings suggest
potential interactions between antibodies and other non-
detection target proteins that may influence biosensor
performance. However, a detailed understanding of these
effects is difficult to obtain.

The docking results provide evidence for potential
interactions between antibodies and other non-detection
target proteins. To improve immunosensor performance,
BSA should not be used in both antibody production and
antibody-modified electrode blocking. In the special case of
contaminated milk detection, BSA and ampicillin co-occur.
Once they are placed in competition on the binding surface,
the interactions of the antibody, BSA, and ampicillin are
complicated, presenting problems when attempting to
model and interpret analytical test results.

Conclusions

This work focused on a computerized protein—protein
interaction study, and aimed to obtain a detailed biomolec-
ular recognition mechanism that is essential for the design
and application of biosensors. Two different protein—protein
interaction simulation methods were used to study nonspe-
cific ampicillin antibody interactions. FiberDock results
indicated that ampicillin antibody complementarity could
lead to HSA or OVA binding and thus interfere with the
biosensor preparation process and detection in samples
containing these proteins. ZDOCK simulation was used for
further evaluation of the docked protein—protein complexes.
In comparison with the specific interaction between
antibody and antigen (lysozyme and antibody), it was
found that the cluster densities of nonspecific interactions
between docking complexes were smaller but that the dock
scores of these poses were more scattered. The nonspecific
interaction between ampicillin antibody chain A and HSA
presented a higher score than lysozyme and antibody, but
chain B and HSA yielded a reasonably low score. In
detection processes, specific biological reactions were
occurred in kinds of protein solutions. Thus, solvation,
electrostatic and van der Waals interactions are important in

the formation of complexes. The probability of forming the
antibody—-OVA docking complex was lower than that for
the antibody—-HSA complex, implying that the antibody
preparation method will affect the specificity. Computer-
aided protein—protein interaction studies indicated that there
was a potential nonspecific interaction between the immo-
bilized biosensor antibody and HSA in the sample. The
antibody’s active site can participate in nonspecific protein
interactions. The interaction strengths differed for specific
and nonspecific binding. It is possible to develop and
improve biosensors by employing a computerized simula-
tion methodology. The antibody preparation method should
also be considered carefully and its efficiency character-
ized. By highlighting the possibility of nonspecific binding,
these modeling results may aid in the improvement of
biosensor construction methods.
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