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Abstract. Overexpression of the GD2 ganglioside (GD2) is
a hallmark of neuroblastoma. The antigen is used in neuroblastoma diagnosis and to target newly developed therapies
to cancer cells. Peptide mimetics are novel approaches in the
design of antigens for vaccine development. We previously
reported the isolation of five GD2-mimicking peptides from
the LX-8 phage display library with the monoclonal antibody
(mAb) 14G2a. The goal of our current study was to analyze
and optimize the binding of the peptide mimetics to the
mAb 14G2a. Therefore, we performed further experiments
and supported them with molecular modeling to investigate
structure-activity relationships that are the basis for the
observed mimicry of GD2 by our peptides. Here, we show
that the peptides have overlapping binding sites on the mAb,
14G2a and restricted specificity, as they did not crossreact
with other ganglioside-specific antibodies tested. In addition
we demonstrate that the phage environment was involved
in the process of selection of our peptides. The AAEGD
sequence taken from the viral major coat protein, p8, and
added to the C-termini of the peptides #65, #85 and #94
significantly improved their binding to the mAb, 14G2a. By
application of analogs with amino acid substitutions and
sequence truncations, we elucidated the structure-activity
relationships necessary for the interactions between the 14G2a
mAb and the peptide #94 (RCNPNMEPPRCF). We identified
amino acids indispensable for the observed GD2-mimicry
by #94 and confirmed a pivotal role of the disulphide bridge
between the cysteine residues of #94 for binding to the mAb
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14G2a. More importantly, we report five new peptides demonstrating a significant improvement of mAb 14G2a binding.
The experimental data were supported and expanded with
molecular modeling tools. Taken together, the experimental
results and the in silico data allowed us to probe in detail
the mechanism of the molecular mimicry of GD2 by the
peptides. Additionally, we significantly optimized binding of
the leading peptide sequence #94 to the mAb 14G2a. We can
conclude that our findings add to the knowledge on factors
governing selections of peptide mimetics from phage-display
libraries.
Introduction
Peptide libraries based on bacteriophage expression are
pivotal tools to study the biomolecular interactions and are
proved sources of novel ligands with potential therapeutic or
biotechnological value (1). Prominent examples are surrogate
antigens of both protein and non-protein molecules identified
with antibodies. Such mimetic peptides can be applied in
situations where the use of a native ligand may not be best
suited (2,3). Isolation of mimetics is based on a phenomenon
of molecular mimicry and is attributed to the conformational
similarity between two or more otherwise chemically diverse
molecules.
An important group of peptide mimetics consists of
peptides developed for immunotherapy approaches to provide
alternative antigens to replace glycans in vaccine formulations.
Carbohydrates are relevant medical targets, because they are
major constituents of the cell wall of bacterial or fungal pathogens, and antigens well-known for their aberrant expression in
cancer. However, they are often poorly or non-immunogenic in
infants, children, and immunocompromised individuals (4,5).
Correlations between antigenic and immunogenic properties
of carbohydrate-mimicking peptides have been investigated
to show that peptide surrogates can successfully replace
carbohydrate antigens (6-8). Additionally, the relative ease
to manufacture and modify peptides should be highlighted,
in contrast to the often challenging and costly synthesis of
carbohydrates.
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The GD2 ganglioside is an important example of a tumorassociated carbohydrate antigen. It is highly overexpressed in
cancer cells of a childhood tumor, neuroblastoma, but also in
other malignancies such as melanoma, sarcoma, or small cell
lung carcinoma (9-11). GD2 is a glycolipid, consisting of an
outer carbohydrate part, charged by the presence of two sialic
acid residues, and a membrane anchor formed by a ceramide
(fatty acid sphingosine).
Several GD2-binding mAbs have been developed (12,13).
Such antibodies are currently used for the diagnosis and
monitoring of treatment response in neuroblastoma patients.
In clinical trials, anti-GD2 monoclonal antibody-based
therapy of neuroblastoma patients was shown to be effective,
and it is currently further refined to improve poor survival of
patients with high risk disease (14,15). In addition to passive
approaches, immunization strategies targeting GD2 are under
development. One of the approaches tested is the active
immunization with surrogates of GD2, which are exploited
to improve the immunogenicity of GD2. They include antiidiotypic antibodies (16,17) and peptide mimotopes (18,19).
In practice, application of such surrogate antigens is often
preceded by analysis of the molecular basis of mimicry, which
then enables optimization of the leading sequence.
Recently, we have described a series of 12-amino acid
constrained peptides capable of binding the anti-GD2 mAb,
14G2a, isolated from the LX-8 phage-displayed peptide
library (20). The mAb, 14G2a, can effectively mediate in vitro
and in vivo cytotoxicity against neuroblastoma cells (21) and
has a well-established record of medical applications (22,23).
The peptide sequences isolated by us with the mAb 14G2a can
be grouped in two clusters: one consisting of the sequences
#85, #D, #8, and the second including #65, #94 sequences
(Table I). In competition tests against human neuroblastoma
IMR-32 cells, which abundantly express the GD2 ganglioside,
all peptides were shown to mimic the tumor-associated
carbohydrate antigen.
The goal of our current study was to optimize the binding
of the peptide mimetics to the mAb 14G2a. Therefore, we
performed further in vitro experiments and supported them
with molecular modeling to investigate the structure-activity
relationships that are the basis for the observed mimicry of
GD2 by the peptides. Here, as a result, we report five new
peptide sequences with significantly improved binding to
the mAb 14G2a. Additionally, we determined reactivity of
the peptides with other ganglioside-specific antibodies and
demonstrate that the peptides have overlapping binding sites
on the mAb 14G2a. By design and analysis in the competition
tests of several peptide analogs with amino acid substitutions,
sequence truncations, and extensions we probed in detail the
molecular mechanism of the GD2 mimicry observed for one
of our peptides (#94).
Materials and methods
Cell lines, antibodies, gangliosides. IMR-32 (a GD2-positive
human neuroblastoma cell line) (10) was purchased from
ATCC (LCG Standards, Lomianki, Poland). The IMR-32
cells were grown in E-MEM supplemented with non-essential
amino acids (1%), sodium pyruvate (1 mM), gentamicin
(50 mg/l), 10% fetal bovine serum (FBS) (complete medium

E-MEM). Murine mAb 14G2a (IgG2a), recognizing the GD2
ganglioside was produced by a hybridoma cell line that was
a gift from Dr R.A. Reisfeld (The Scripps Institute, La Jolla,
CA, USA). Hybridomas producing mouse mAbs recognizing
GD2, i.e., mAb ME361-S2a (IgG2a) and mAb 126 (IgM)
were purchased from ATCC. All hybridomas were grown in
DMEM (with a glucose concentration of 4.5 g/l) supplemented
with gentamicin (50 mg/l) and 10% FBS (complete DMEM).
The cell lines were cultured at 37˚C in a humidified 5% CO2
incubator. The cell culture reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Other antibodies used
in the study included: the GD3 ganglioside (GD3) binding
mouse mAb ME3.6 (IgG3) (BD Biosciences Pharmingen,
San Diego, CA, USA); the horseradish peroxidase (HRP)conjugated, anti-p8 mouse mAb (Amersham Biosciences,
Uppsala, Sweden); the fluorescein-5-isothiocyanate (FITC)conjugated goat affinity purified F(ab')2 fragments to mouse
immunoglobulins IgA, IgG, IgM (Cappel, MP Biomedicals,
Aurora, OH, USA); and the HRP-conjugated anti-mouse
IgG (whole molecule) rabbit antibodies (Sigma-Aldrich).
The gangliosides used in the study included: GD2 from
human brain and GD3 from bovine butter milk (both form
Calbiochem, Merck Chemicals Ltd., Nottingham, UK).
Peptides. Peptide sequences of GD2 mimetics (#8, #65, #85,
#94, #D) expressed on phages and #0-phage (a phage without
any fusion peptide) were isolated during biopanning of the
LX-8 library with mAb 14G2a [for a detailed description of
the biopanning and the preparation of the phage-expressed
peptides see Horwacik et al (20)]. The major coat protein p8
is used for peptide display in the LX-8 library (24). Peptides
were synthesized by GenScript USA Inc. (Piscataway, NJ,
USA) and Sigma-Aldrich. The peptides were delivered in
a lyophilized form at a purity of ~90%. To dissolve the
lyophilized peptides, first N,N-dimethylformamide (Fluka)
was added to each peptide sample, then diluted with water to a
peptide concentration of 20 or 10 mM.
Production, purification, and modification of the mAb.
The cell culture media (serum-free) containing monoclonal
antibodies were sterile filtered through 0.45 µm syringe filters
to remove any particulates. Two mouse IgG2a antibodies, the
mAb, 14G2a, and the mAb, ME361-S2a, were purified with
HiTrap protein G columns (Amersham Biosciences) according
to the manufacturer's protocol. For mAb 126, a column with
a protein L resin was used (Pierce, Thermo Scientific). The
antibodies bound to the columns were eluted with 0.1 M
glycine-HCl buffer (pH 2.7), and neutralized with 1 M Tris-HCl
(pH 9.0). The fractions containing the antibodies were dialyzed
against a final volume of 4 liters of phosphate buffered saline
(PBS), pH 7.2, for 24 h at 4˚C. The concentrations of all the
purified antibodies were determined with the Bicinchoninic
assay (Sigma-Aldrich) using bovine serum albumin (BSA) as
a standard (Sigma-Aldrich). The purity of the antbodies was
verified using SDS-PAGE. Biotinylation of mAb 14G2a was
performed with sulfo-NHS-LC biotin (Sigma-Aldrich) (25).
Flow cytometry analyses of the free peptides binding to mAb,
14G2a. The synthetic peptide mimetics of the GD2 ganglioside, their analogs with the designed sequence modifications,
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and the control #T2 peptide with the HEDIISLWDQSL
sequence derived from the HIV-1 envelope glycoprotein,
(26) were incubated overnight at 4˚C with 200 ng of the
14G2a mAb in 2% BSA/PBS, (BSA from Amresco Inc.,
Solon, OH, USA). To determine the binding of the peptides
to mAb 14G2a, the peptides were used over a range of
concentrations obtained from serial dilutions decreasing
by the factor of 2. The next day, the samples were used in a
competition assay with GD2-positive IMR-32 cells for 1 h
at 4˚C. After the washing steps, the binding of mAb 14G2a
was detected with mouse Ig-specific FITC-conjugated goat
F(ab')2 fragments using flow cytometry (BD™ LSR II with
BD FACSDiva software, BD Biosciences). Cells (10 4 per
sample) were collected, and the signal from the cells stained
with the secondary antibody alone was used to determine
the positively stained pools of the IMR-32 cells. In these
pools, the mean fluorescence intensity (MFI) and % of
stained cells (%SC) were measured, and then used for the
calculation of the fluorescence index (FLindex) according
to the formula: FLindex = (MFI x %SC)/100. Values of the
percentage of the inhibition were calculated using the formula:
% inhibition = (1 - FLindexpeptide/FLindexmax) x 100%, where
the FLindex max was calculated from samples with the the
mAb 14G2a, alone. At least three experiments were performed
for each of the analyzed sequences. Mean values of three
independent experiments were presented on graphs with SEM
(standard error of the mean) for the error bars. Statistical
significance was verified with independent two sample t-tests
with p≤0.05, p≤0.01, p≤0.001.
Competitive ELISA. Wells of the high protein binding plates
were coated with 1 µg of streptavidin (Sigma-Aldrich) in TBS
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) overnight
at 4˚C. The next day, the wells were washed with TBS, and
blocked with 2% BSA/TBS for 1 h at 37˚C. After 3 washes
with 0.1% Tween-20/TBS, the biotinylated 14G2a mAb
(0.1 µg/well) in 2% BSA/TBS was applied to the wells for
1 h at room temperature (RT). After 4 washes, the synthetic
peptides #85 and #94 mimicking GD2 and the control nonbinding peptide, #T2, all at a 0.3 mM concentration, were
mixed with phages expressing peptides #65, #85, #94 (1011
phage particles per well) for 1.5 h at RT. Unbound phages
were removed with 6 washes with 0.1% Tween-20/TBS, and
then the mAb 14G2a-bound phages were detected with an
anti-p8 HRP-conjugated mAb for 1 h at RT. After 6 washes
with 0.1% Tween-20/TBS, the TMB substrate reagent set
(BD Biosciences Pharmingen) was used to develop the
signals. Absorbance values at 450 nm were collected. Samples
were tested in duplicates. Three independent experiments
were performed, and results from a representative experiment
are presented as mean values (±SEM). Statistical significance
was verified with independent two t-tests with p≤0.05, p≤0.01,
p≤0.001.
ELISA to detect binding of peptides to ganglioside-specific
antibodies other than mAb 14G2a. The peptides #65, #94, #85
expressed on the surface of phages were used in duplicates
to coat 96-wells plates (MaxiSorp surface, NUNC A/S,
Roskilde, Denmark) in TBS overnight at 4˚C, and then washed
3 times with TBS. Phage #0 (with no peptide expressed) was
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used as a negative control in the assay. The next day, the wells
were blocked with 2% BSA/TBS for 1 h at 37˚C and then
washed 4 times with 0.1% Tween-20/TBS. Incubations with
anti-ganglioside antibodies (0.2 µg/well) were carried out for
1 h at RT, and then the wells were washed 4 times with 0.1%
Tween-20/TBS. The binding of each antibody was detected for
1 h at RT with the secondary HRP-conjugated anti-mouse IgG
antibodies diluted in 2% BSA/TBS. After the final washes of
the wells, signals were developed with TMB Substrate, and
then absorbance values at 450 nm were collected. To prove the
specificity of the antibodies used in the assay, additional wells
were coated with 50 ng of GD2 or GD3 in ethanol, and then
left for the diluent to evaporate. Three independent experiments were performed and the results from a representative
experiment are presented as mean values.
Molecular modeling. Interactions between mAb 14G2a and
the investigated peptides were modeled in the following
procedure. First, template-based modeling was done to obtain
a three-dimensional structure of the receptor (14G2a). Blast
scanning of the PDB (Protein Data Bank) database against the
receptor sequence identified the 1SVZ structure as a template
for comparative modeling. Blast-generated alignment was
used. Structure was modeled with CABS, a reduced space
molecular modeling tool, which has been described in great
detail elsewhere (27,28). Next, the obtained model of the
receptor was used in docking simulations of five investigated
peptides. Docking was carried out by CABS Dock, a CABSbased tool enhanced with multi-chain protein support. Each
of the simulations produced 5,000 models of the receptorpeptide complex, reduced to a C-α trace representation. These
models were subsequently clustered with respect to their
mutual similarity measured as root mean square deviation
(RMSD) computed on C-α atoms. For each of the peptides,
the structure closest to the centroid of the most populated
cluster was selected for further processing, which included
reconstruction of the C-α only to full-atom models and energy
minimization by means of molecular mechanics. These were
performed with the SYBYL Amber99 force field with default
parameters. Models of the complexes were ranked by the
interaction energy between the receptor and five investigated
peptides. The same all-atom models were used to identify the
interacting amino acid residues.
Results
The mimicking peptides #65, #85 and #94 share overlapping
binding areas on the anti-GD2 mAb, 14G2a. We aimed at
choosing one leading peptide sequence for further optimization of mAb 14G2a binding. Therefore, we investigated
structure-activity relationships that are necessary for the
observed mimicry of GD2. The peptides #8 and #D were not
included in the assays, due to their high sequence similarity
with the peptide #85 (Table I). Also, in respect to peptide #D
a significantly lower binding to the antibody was observed,
which prompted us to exclude the peptide sequence from
further analyses. As for peptides #65, #85 and #94 isolated
with mAb 14G2a, we examined whether the mimetics share
binding areas on the antibody rather than interacting with
independent binding sites. We set up a competition ELISA,
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Table I. Amino acid sequences of peptides mimicking the GD2
ganglioside isolated with mAb 14G2a from the LX-8 phagedisplay library.
Peptide code
#8
#85
#D	
#65
#94

Peptide sequence
NCDLLTGPMLCV
VCNPLTGALLCS
GCDALSGHLLCS
SCQSTRMDPNCW
RCNPNMEPPRCF

Figure 1. Results of the competitive ELISA. The assay was used to detect
binding of #65, #85 and #94 peptides expressed on phages to the biotinylated
mAb 14G2a, attached to streptavidin-coated wells in the presence of competitors (0.3 mM), i.e., free peptides #85, #94 and #T2. Binding was detected
with the HRP-conjugated anti-p8 antibody and signals were developed with
the TMB substrate, followed by measurement of the absorbance values at
450 nm. Data from a representative experiment of three separate experiments are shown (samples were tested in duplicates, mean values ± SEM are
shown in the graph); *p≤0.05, **p≤0.01 (two sample independent t-tests).

in which the free peptides #85 and #94, and the control
mAb 14G2a non-binding peptide #T2 (all used at a 0.3 mM
concentration), were mixed with phages expressing peptides
#65, #85 or #94, and were then allowed to compete for
binding to the biotinylated-mAb 14G2a molecules attached to
streptavidin-coated wells. Next, the viral particles interacting
with the immobilized antibody were detected with an anti-p8
protein HRP-conjugated antibody.

Data from a representative inhibition experiment are shown
in Fig. 1. Significant reductions of mAb 14G2a binding for
the phages expressing the peptides #65, #85 and #94 were
observed in the presence of the free GD2-mimetics #85 or
#94 used as competitors, as compared to the control peptide
#T2. The synthetic peptide #85 reduced the binding of the #65
phage to 43%, #85 phage to 48% and #94-phage to 35% of the
signal measured in the presence of the #T2 peptide. For the
synthetic peptide #94 the calculated values were 36% for the
#65 phage, 67% for the #85 phage and 44% for the #94 phage.
The effect was tested for two additional concentrations of the
synthetic competitors (0.1 and 0.5 mM), and was observed to
be dose-dependent (data not shown). The above data allowed
us to conclude that despite clear differences in their amino
acid sequences, the peptides #65, #94 and #85 may have
overlapping binding sites on the 14G2a antibody molecule.
Peptides #65, #85 and #94 do not crossreact with other
ganglioside-specific antibodies tested. Next, we decided to
determine whether our peptides can bind to other commercially
available GD2 ganglioside-specific monoclonal antibodies
by ELISA. In addition to mAb 14G2a (used as a positive
control), we tested two other mouse mAb binding to GD2,
i.e., mAb ME361-S2a and mAb 126. A mouse anti-GD3 mAb
(mAb ME3.6) was used as a specificity control. The phages
expressing peptides #65, #85, #94 and the control phage #0
were used to coat wells of high protein binding plates, as
the synthetic peptides were unable to efficiently adhere to
the surface (data not shown). Additionally, the binding of all
tested antibodies was positively verified in wells coated with
GD2 or GD3. Results of the ELISA are presented in Table II.
The phage expressing the peptides #65, #85 and #94 showed a
diverse degree of binding to mAb 14G2a (a feature previously
reported). However, we detected no binding of the peptides
to any other antibodies than to mAb 14G2a. Also, phage #0
did not significantly bind to any of the antibodies tested. In
a separate set of experiments, we observed that the peptides
did not compete with GD2-positive IMR-32 cells for binding
to mAb 126 and mAb ME361-S2a (data not shown). The
results prompted us to conclude that the isolated peptides are
mimicking a unique GD2 ganglioside epitope, as they specifically interact only with the paratope of the mAb 14G2a.
Extension of GD2-mimicking peptides with amino acids
of the phage coat protein, p8, significantly improves their
binding to mAb 14G2a. Aiming to optimize the binding of our

Table II. Cross reactivity of phage-expressed peptides #65, #85, #94 and #0 phage (a negative control) with ganglioside-specific
antibodies measured by ELISA.
Antibody

A450 nm
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------#65
#85
#94
#0
GD2
GD3

Anti-GD2 mAb 14G2a
Anti-GD2 mAb 126
Anti-GD2 mAb ME361-S2a
Anti-GD3 mAb ME3.6

1.2
0.07
0.09
0.06

2.57
0.07
0.09
0.06

1.49
0.07
0.09
0.05

0.07
0.07
0.09
0.07

3.06
2.84
1.576
0.04

0.05
0.06
0.09
0.38
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peptides to mAb 14G2a, we performed experiments to verify
if the phage environment can influence their interaction with
mAb 14G2a. Our hypothesis was supported by the observation that the first four or five N-terminal amino acids of the
p8 are flexible, in the otherwise rigid structure formed by the
interacting p8 monomers of the viral capsid (29). Therefore,
we synthesized extended peptides by addition of the AAEGD
sequence from the p8 protein used for display to the C-termini
of the peptides #65, #85 and #94.
The results of the performed competition experiments
against the GD2 positive IMR-32 neuroblastoma cells for both
the initial and the extended peptides are presented in Fig. 2.
For all the modified peptides a significant increase in binding
to mAb 14G2a was measured as compared to the initially
identified sequences. IC50 values (half maximal inhibitory
concentration) for all 6 peptides tested are summarized in
Table III. The IC50 value of the #65-AAEGD decreased 8-fold
(p≤0.01) as compared to #65. Similarly, the IC50 value of the
#85-AAEGD decreased 7-fold (p≤0.001) as compared to #85.
Finally, a nearly 4-fold drop in the IC50 value was calculated
for the #94-AAEGD in comparison to the initial #94 peptide
(p≤0.05). The results allowed us to conclude that during the
process of isolation of our peptides from the LX-8 phagedisplay library the presence of the viral p8 protein to some
extent influenced the interaction between the peptides and the
mAb 14G2a.

Figure 2. The results from competition experiments with #65, #85 and #94
and their modifications #65-AAEGD, #85-AAEGD, #94-AAEGD. Changes
in mAb 14G2a binding after introduction of replacements were tested in the
competition assay against the IMR-32 cells for the peptide concentration
range of 0.49-250 µM using flow cytometry. Mean values ± SEM from four
independent experiment are shown.

Alanine scanning of the GD2-mimicking peptide #94 allows
identification of the structural basis necessary for the
mAb 14G2a binding. Based on the experiments described
above, we chose peptide #94 as the leading sequence for
further analyses and optimization. In the next step, we
performed site-specific mutagenesis of the initial 12-amino
acid sequences of the #94 peptide by replacing its consecutive
side chains with a small alanine. We evaluated the obtained
analogs in competition assays for binding to the mAb 14G2a
against GD2 in IMR-32 cells. The results from a representative experiment are shown in Fig. 3. For all except one of the
alanine-substituted peptides, a significant decrease in the
14G2a-binding properties was observed in the assay. The
substitutions with alanine of C-2, N-3, M-6, E-7, C-11 in the
chain of the #94 peptide resulted in complete loss of binding
to mAb 14G2a. The IC50 values could not be calculated for
the analogs. This indicates their particularly critical role in

Table III. Results of extension experiments with the AAEGD sequence.
Peptide code

Peptide sequencea

IC50 (µM)b

#65
#65-AAEGD	
#85
#85-AAEGD	
#94
#94-AAEGD	

SCQSTRMDPNCW
SCQSTRMDPNCWAAEGD
VCNPLTGALLCS
VCNPLTGALLCSAAEGD
RCNPNMEPPRCF
RCNPNMEPPRCFAAEGD

25.0±2.2
3.0±0.2
20.4±1.6
3.1±0.3
17.1±2.8
4.7±0.5

position of each sequence modification is underlined. bhalf maximal inhibition concentration (mean values ± SEM from four independent
experiments).
a
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experiment the IC50 for #94 was 20.7 µM. Moreover, when
R-1, N-5, P-8, P-9 were replaced with alanine the IC50 values
were calculated from 45.4 to 56.8 µM. Only for the peptide
in which R-10 was replaced by alanine we did not observe
significant changes in the 14G2a-binding properties.

Figure 3. Identification of residues of the peptide #94 critical for the
mAb 14G2a binding by alanine scanning. Changes in mAb 14G2a binding
after introduction of alanine in place of the subsequent amino acid were
tested in the competition assay against the IMR-32 cells using f low
cytometry. Data for the 15.6 µM concentration of peptides are shown (for a
representative of three separate experiments).

in interaction with mAb 14G2a. For the substitution of the
P-4 and F-12 residues with alanine the values of IC50 were
calculated, respectively, as 150.8 and 151.2 µM, while in the

Substitutions introduced into the #94 peptide allowed identification of a new sequence with higher binding to mAb 14G2a.
We further extended our replacement analysis based on
the findings from the alanine scanning. We designed and
analyzed additional analogs of the #94 sequence to explore
the importance of key side-chain groups, i.e., N-3, M-6, E-7,
F-12 and their respective length, hydrophobic or hydrophilic
properties on the binding to mAb 14G2a. We substituted N-3
with Q or D, M-6 with L or F, E-7 with D, Q or N, and finally
F-12 with 2 other natural aromatic amino acids, i.e., W or Y.
Results of the competition assay for binding to mAb 14G2a,
between such mutated peptides and GD2 expressed in IMR-32
cells, are shown in Fig. 4, and in Table IV. For both N-3 and
E-7 all tested replacements in the initial #94 peptide chain
resulted in a complete loss of the binding to mAb 14G2a

Figure 4. The results from competition experiments with #94, #T2 (a negative control) and #94 analogs containing substitutions of N-3 (N with Q or D), M-6,
(M with L or F) E-7 (E with Q, D or N) and F-12 (F with Y or W). Changes in mAb 14G2a binding after introduction of replacements were tested in the
competition assay against the IMR-32 cells for peptide concentrations from 1.95-250 µM using flow cytometry (the graphs with #94 and #T2 peptides were
included for comparison). Mean values ± SEM from three independent experiments are shown.
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Table IV. Results of substitution, truncation and elongation experiments within the #94 sequence.
Peptide code
#T2
#94
#94-3-N/Q
#94-3-N/D	
#94-6-M/F
#94-6-M/L
#94-7-E/Q
#94-7-E/D	
#94-7-E/N
#94-12-F/Y
#94-12-F/W
#94-Δ-1
#94-Δ-2
#94-Δ-3
#94-Δ-4
#94-12-F/W-AAEGD	

Peptide sequencea

IC50 (µM)b

HEDIISLWDQSL
RCNPNMEPPRCF
RCQPNMEPPRCF
RCDPNMEPPRCF
RCNPNFEPPRCF
RCNPNLEPPRCF
RCNPNMQPPRCF
RCNPNMDPPRCF
RCNPNMNPPRCF
RCNPNMEPPRCY
RCNPNMEPPRCW
--NPNMEP-----NPNMEPPR--CNPNMEPPRCF
RCNPNMEPP-CF
RCNPNMEPPRCWAAEGD

ni
14.0±2.2
ni
ni
ni
136.4±33.5
ni
ni
ni
65.0±3.7
6.8±0.4
ni
ni
ni
115.9±16.8
0.8±0.1

The position of each mutation is underlined. bMean values ± SEM from three independent experiments are shown. ni, no inhibition measured
within the tested range of dilutions of the peptides.
a

and no IC50 values were observed. Likewise, the #94-6-M/F
surrogate did not bind to the antibody. On the other hand,
the replacement of M-6 with L did not completely abrogate
binding of the peptide to mAb 14G2a, although a significant
10-fold rise in the mean IC50 value was observed for the
peptide (IC50 = 136.4±33.5 µM, p≤0.05).
The analysis of the #94-12-F/Y sequence also showed a
significant decrease of binding affinity to mAb 14G2a of the
peptide with the introduced hydroxyl group to the aromatic
chain with Y (a nearly 5-fold increase in the IC50 value was
observed for the peptide, IC 50 = 65.0±3.7 µM, p≤0.001).
On the contrary, for #94-12-F/W, the peptide with a larger
aromatic group of W introduced in the place of F, the new IC50
value was calculated to be 6.8±0.4 µM, 2-fold lower than for
peptide #94 (p≤0.05).
Truncations of peptide #94 can significantly change binding
to mAb 14G2a and confirm the pivotal role of the disulphide bridge in the interaction. To find smaller fragments
of the #94 sequence that would bind to mAb 14G2a four
shorter peptides derived from #94 were analyzed. They
included two linear peptide sequences NPNMEP (6-amino
acid long, #94-∆1) and NPNMEPPR (8-amino acid long,
#94-∆2), as well as two 11-amino acid long peptides missing,
respectively, R-1 (#94-∆3) and R-10 (#94-∆4). The results
of the competition experiments are shown in Fig. 5. Both
peptides lacking the flanking residues including the two C
residues at positions 2 and 11 (NPNMEP and NPNMEPPR)
did not bind to the receptor at all, despite the fact that the
sequences still contained some of the amino acids pivotal for
binding mAb 14G2a (Table IV). The results emphasize the
importance of the disulphide bridge-forming cysteines in the
observed binding process and confirm the alanine scanning

data. Also, deletion of the R residue at position 1 (#94-∆3)
resulted in loss of binding to mAb 14G2a, throughout the
entire range of concentrations tested. However, the peptide
with the eliminated R at position 10 (#94-∆4) could still bind
to mAb 14G2a, even though a significant reduction of binding
was observed (an 8-fold increase in IC 50 was measured,
IC50=115.9±16.8 µM, p≤0.05, Table IV).
Peptide analog #94 combining the 12-F/W substitution
with the C-terminal A AEGD-extension shows further
improvement of mAb 14G2a binding. We demonstrated
that the addition of the five amino acids of the p8 protein
at the C-terminus of #94 improved mAb 14G2a-binding
(Table III). Therefore, we evaluated one additional peptide
(#94-12-F/W-AAEGD) containing both the 12-F/W substitution and the C-terminal AAEGD-extension and compared
it to the initial #94 and the #94-AAEGD sequences. We
observed a significant improvement of mAb 14G2a binding of
#94-12-F/W-AAEGD, as compared to #94 and #94-AAEGD
in the competition experiment (Fig. 6). To calculate the IC50
value for the #94-12-F/W-AAEGD, we measured the inhibition of #94-12-F/W-AAEGD within the 1.95-250 µM range
of concentrations and compared it to #94. The value of IC50
was significantly improved for #94-12-F/W-AAEGD peptides
as compared to #94, and was nearly 18-fold lower than #94
(IC50=0.8±0.1 µM, p≤0.01, Table IV).
Molecular modeling data are in parallel with experimental
results. Along with the in vitro experiments, we applied an
in silico approach to gather information about structures of the
peptide mimetics of GD2 bound to mAb 14G2a (Fig. 7). We
calculated the free binding energies for the peptides binding
to mAb 14G2a. The lowest binding energy was calculated
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Figure 5. Results from experiments with #94, #T2 (a negative control) and #94 analogs bearing truncations of the peptide sequence. Changes in mAb 14G2a
binding after introduction of modifications were tested in the competition assay against IMR-32 cells for peptide concentrations from 1.95-250 µM using flow
cytometry (the graphs with #94 and #T2 peptides were included for comparison). Mean values ± SEM from three independent experiments are shown.

the antibody paratope (data not shown). Our studies demonstrated that the computational approach and the experimental
methods may successfully complement one another.
Discussion

Figure 6. Results from experiments with peptides #94, #94-AAEGD and
#94-12-F/W-AAEGD. Changes in mAb 14G2a binding after introduction of
the modifications were examined in the competition assay against IMR-32
cells with peptide concentrations from 1.95-250 µM using flow cytometry.
Mean values ± SEM from three independent experiments are shown.

for peptide #65 (-228.9 kcal/mol), while the highest was
determined for peptide #D (-126.7 kcal/mol). For the rest of
the peptides the calculated values were comparable, -170.5,
-165.1 and -178.9 kcal/mol for #8, #85 and #94, respectively.
Analysis of the molecular model allowed us to identify
amino acid residues of peptide #94 and the mAb 14G2a
fragment engaged in the binding. Several close interactions
(around 3Å distance) were identified between the amino acids
of peptide #94 ligands and the mAb 14G2a (Table V). Analysis
of the models built for peptides #8, #65, #85, #94 and #D and
their interactions with the mAb 14G2a fragment support our
experimental findings that the peptides share binding areas in

Our research stems from the observation that binding of an
antigen to its cognate antibody is rarely exclusive, and crossreactivity of immunoglobulin molecules with other epitopes
can often be detected (30). We applied this information to
isolate peptides mimicking GD2 ganglioside that is one of
the antigens used to target neuroblastoma cells. The mimicry
phenomenon for peptides isolated from phage-display libraries
can be investigated on many levels including phage-expressed
and free peptides, or peptides fused to proteins (31,32). Finally,
characterization of functional (agonist or antagonist activity) or
immunological mimicry of peptides can be performed (33,34).
We aimed to probe the molecular basis of mAb 14G2a binding
by peptides isolated from the LX-8 library. As a result, we
significantly improved binding to mAb 14G2a for the leading
sequence (#94) with application of peptide engineering.
Here, we described several new findings unfolding the
molecular basis for the observed interactions between the
mAb 14G2a receptor and the peptide ligands mimicking GD2.
Peptides #65, #85 and #94 were shown to occupy overlapping
binding areas in the paratope of mAb 14G2a. A similar feature
was reported for two peptides binding to the gp120 protein
of HIV-1 that were isolated from phage-display peptide
libraries (35). Our result can also be supported with molecular
modeling data showing that peptides #8, #65, #85, #94 and
#D are in close contact with overlapping amino acids from
the modeled mAb 14G2a fragment. In separate experiments,
we did not detect any binding of peptides #65, #85 and #94
to two additional GD2-specific antibodies, mAb ME361-S2a
and mAb 126. This may suggest that the isolated peptides
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Figure 7. A model of #94 interaction with a fragment of mAb 14G2a.

Table V. Residues of the receptor (mAb 14G2a) and the ligand
molecule (peptide #94) interacting in the molecular modeling
experiments.
Receptor

Ligand	Distance (Å)

VL: H-39
R-10
VL: L-51
R-10
VL: H-54
P-8
VL: H-54
R-10
VL: P-60
R-10
VH: N-35
R-1
VH: N-35	C-2
VH: V-37
R-1
VH: V-37
F-12
VH: W-47
R-1
VH: D-52
N-3
VH: S-59
N-3
VH: Y-94
F-12
VH: V-96
F-12
VH: E-100
E-7
VH: E-100
P-9
VH: Y-101	C-2
VH: Y-101
E-7
VH: Y-101
P-9
VH: W-102	C-11

3.313
3.440
3.155
3.071
3.418
3.031
3.339
3.250
3.381
2.799
2.712
2.836
3.465
3.254
3.157
3.495
3.190
3.153
3.113
3.040

VL, light chain fragment of the receptor; VH, heavy chain of the
receptor.

mimic a unique GD2 epitope. Another explanation could be
that their reactivity patterns are restricted as they are specific
only to mAb 14G2a that was used for their isolation from the
LX-8 phage-display library. This can further be supported by
observations of Harris et al who studied peptides isolated with
a panel of mAb binding to a similar epitope of cell wall polysaccharide of group A Staphylococcus. They reported that the
peptides bound only to the mAb used for their isolation (36).
We can thus conclude that it might be beneficial to isolate
peptide mimetics with other GD2-specific antibodies than
mAb 14G2a. Combining such peptides mimicking different
GD2 epitopes into polyepitope vaccines could broaden the

spectrum of induced immune responses against GD2. Peptide
mimetics binding to mAb ME361 have been reported (37).
Another interesting approach to obtain peptide sequences is
the de novo design of mimetics. Tong et al reported recently
that peptidic GD2 ligands were rationally designed based on
NMR and molecular modeling analyses of GD2 in free form
and bound to the anti-GD2 mAb 3F8 (38).
Predicting whether high or low affinity peptides will be
isolated from a library seems to be impossible. For peptides
mimicking discontinuous epitopes or non-protein antigens,
not only the linear sequence, but also the conformation of
both the peptide and the binding site on the cognate antibody
may play a role, to a various extent, in the isolation process,
and later in the reactivity of the peptides (39,40). Additionally,
the theoretical diversity of peptide libraries is reduced during
their preparation steps and the number of peptide copies
expressed on the surface of the viral particles may vary,
which in turn affects the results of the screening process (41).
Therefore, as a rule the initial leading sequences isolated from
phage-display libraries are not the most optimal and require
further optimization.
Here, we report five peptide sequences with significantly
improved binding to mAb 14G2a. Three sequences arose
from the C-terminal extension of #65, #85 and #94 with the
AAEGD sequence from the p8 protein used for peptidedisplay. This finding adds to the knowledge on factors driving
peptide selections from phage-display libraries. Such positive
influence of the viral environment on the binding properties
of phage-expressed peptides has also been reported by others
(33,42). Therefore, we postulate that addition of amino acids
adjacent to expressed peptides can be viewed as a possible
mean to improve their interactions with the receptors used in
screening of the phage-display libraries.
Two additional improved mimetics were obtained from
the application of a systemic approach to analyze in detail
the binding of one member of the identified GD2-mimicking
peptide set, #94. We report that both sequence requirements
and structure constrains are responsible for the antigenic reactivity with mAb 14G2a. Also, we identified residues critical for
the binding. Based on the findings, we substituted F-12 with a
larger W moiety and improved binding of the obtained analog
of #94 to mAb 14G2a. Furthermore, introduction of such a
larger aromatic group combined with the AAEGD-extension
yielded the best of our peptides. Noteworthy, the tryptophan
residue also occupies the last position in the #65 sequence,
stressing that both shared and unique determinants of binding
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of the peptides to mAb 14G2a can be identified. Altogether
the data highlight the importance of the C-terminal part of
#94 for the binding.
Finally, we were able to confirm the particularly important
role of the disulphide bridge, formed by the C residue at
positions 2 and 11, in the observed binding of the free
peptides. The finding was previously reported for all our
phage-display peptides based on the observed abrogation
of their mAb 14G2a binding in the presence of two agents,
dithiothreitol and N-ethylmaleimide, reducing and preventing
them from reforming a disulphide bond (20). Altogether,
for both the free and the phage-displayed peptides, we can
assume that cyclic peptides could adopt or maintain the
antigenically reactive structure necessary for GD2 mimicry.
In the literature such observations have been reported, e.g.,
for the EMP1 mimetic of the hormone, erythropoietin, where
the presence of a disulphide bridge at positions 6 and 15
was essential in both the 20-amino acid long original EMP1
sequence, as well as in the 13-amino acid long minimal
active sequence. The bridge could not be substituted with
an amide bond formed between the introduced side chains
of glutamic acid at position 6 and lysine at the position 15
(43). Furthermore, introduction of sequence cyclization to an
initially linear peptide was reported to positively modulate
antigen reactivity (44).
In conclusion, the described results allowed us to gain
a detailed insight into the mode of interaction between our
GD2 mimicking peptides and mAb 14G2a. Additionally, we
supported the experiments with an in silico approach that
yielded data in agreement with in vitro results. Therefore,
the methods used to construct the computer model were
correct and possibly could be used in further studies on
GD2 mimicry. Our findings widen the knowledge about
factors governing selections of peptides from phage-display
libraries. In the future, we plan to extend our research on
the peptides mimicking GD2, as five new and stronger
14G2a-binding peptides were identified. We plan to further
analyze the mimetics and correlate the observed antigenicity of the peptides with their possible immunogenicity,
as they can be tested as antigens to induce GD2-specific
immune responses. We are encouraged to continue research
on peptides mimicking GD2, which is a clinically important
tumor-associated carbohydrate antigen and a therapeutically
relevant target for anticancer treatments.
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