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ABSTRACT

Background: Diphtheria toxin (DT) and its non-toxic mutant, CRM197, possess anti-cancer properties.
The membrane-anchored form of heparin-binding epidermal growth factor-like growth factor
(HBEGF) is a cellular receptor for DT and CRM197. The R and T domains of DT and CRM197 are
responsible for receptor binding and translocation of their catalytic domains to the cytosol, respectively.
Moreover, HB-EGF is a ligand of the epidermal growth factor receptor (EGFR), which is involved in
the signaling cascade for cancer progression. HB-EGF binds to EGFR at its EGF-like domain. This
study aimed to design anti-cancer peptides based on interactions of DT and CRM197 with HB-EGF to
inhibit the binding of HB-EGF to EGFR and thus prevent the signaling involved in cancer progression.

Materials and Methods: The DT-HB-EGF and the CRM197-HB-EGF complexes were analyzed
using molecular dynamics (MD) simulations at 60 ns. The stability, allergenicity and antigenicity of
peptides were assessed using Protparam, AlgPred, and Vaxijen softwares respectively.

Results: The root mean square fluctuation (RMSF) plots demonstrated that the amino acids of DT
and CRM197 with lower fluctuations were located in the R and T domains. The Rg plots revealed that
the structure of the DT-HB-EGF complex remained compact until 31 ns, after which its compactness
decreased. The structure of CRM197-HB-EGF remained compact during simulations. The root mean
square deviation (RMSD) plots indicated that the DT-HB-EGF complex remained stable for 31 ns.
However, the CRM197-HB-EGF complex produced a stable trajectory during simulations. Assessing
tertiary structures of the complexes showed that residues Ser508-Ser535 of DT (pDT) and Ser291-
Tyr358 of CRM197 (pCRM) were bound to the EGF-like domain of HBEGF; therefore, these peptides
can interfere with the binding of HB-EGF to EGFR. The pCRM peptide was located in the T domain of
CRM197, while the pDT peptide was located within the R domain. The Protparam results showed that
both peptides were stable. However, pPCRM was more thermostable than pDT. None of the peptides
was allergens, as revealed by AlgPred. The Vaxijen analysis demonstrated that pCRM was non-
antigenic, whereas pDT was antigenic.

Conclusion: These results demonstrate the utility of pCRM as an anticancer peptide that inhibits HB-
EGF binding to EGFR.
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Introduction

iphtheria toxin (DT) has been explored

as a promising anticancer agent. The

heparin-binding epidermal growth factor-

like growth factor (HB-EGF) acts as the

DT cellular receptor in its membrane-an-
chored form (HB-EGF precursor) [1, 2]. The DT struc-
ture consists of three domains, each with a specific bio-
logical function that supports its cytotoxic activity. The
receptor-binding domain (R domain) comprising amino
acids 386535 of DT attaches to the cellular receptor and
is located at the C-terminus of DT [3]. The transmem-
brane or translocation domain (T domain) of DT is es-
sential for the transformation of the catalytic domain (C
domain) into the cytosol, encompassing amino acid resi-
dues 205-378. The C-domain, comprising amino acids
1-185 of DT, catalyzes the NAD+-dependent ADP-ribo-
sylation of eukaryotic elongation factor 2 (EF2), result-
ing in arrest of protein synthesis and thereby promoting
cell apoptosis [4].

DT is one of the most studied bacterial toxins and has
proven to be a convenient object for developing non-
toxic mutants with defined features using protein engi-
neering. These mutants are used in basic research and
medical practice [5]. CRM197 is an enzymatically inac-
tive, non-toxic mutant of DT that has undergone clinical
trials for the treatment of ovarian cancers. However, it
is an exogenous bacterial protein that induces immune
responses in the host. Moreover, anti-DT antibodies
cross-react with CRM197 and may thus neutralize its
therapeutic activity [6, 7].

The R-domain of DT is composed of a B-barrel and me-
diates toxin binding to its receptor, the HB-EGF precur-
sor [8, 9]. The binding of DT to the HB-EGF precursor
triggers epidermal growth factor receptor (EGFR)-medi-
ated endocytosis, directing the DT-HB-EGF complex to
the endosomal pathway [10, 11].

HB-EGF is a member of the EGF family of EGFR
ligands. In ovarian cancer, HB-EGF expression is in-
creased in cancerous ovarian tissues compared to normal
tissues and is linked to unfavorable clinical outcomes
[12, 13]. Further studies have revealed that HB-EGF is
involved in the initial response to chemotherapy and the
development of chemotherapy resistance [14-16]. The
EGF-like domain of HB-EGF, comprising amino acids
106-145 is essential for binding and activating EGFR [2,
17].
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EGFR is a member of the ErbB family of tyrosine ki-
nase receptors that transmits a growth-inducing signal
to cells stimulated by an EGFR ligand [18, 19]. In nor-
mal tissues, the availability of EGFR ligands is tightly
regulated to ensure that the kinetics of cell proliferation
precisely match the tissue requirements for homeostasis.
However, in cancer, EGFR is often perpetually stimulat-
ed because of the sustained production of EGFR ligands
in the tumor microenvironment [20, 21] or by mutations
that lock the receptor in a state of continuous activity
[22]. The role of growth factor signaling in the patho-
genesis of human cancers has long been established.
EGFR is involved in the progression and pathogenesis
of several human cancers. Inhibition of EGFR signaling
pathways represents a promising therapeutic strategy for
human cancers [23].

Therefore, this study aimed to design anti-cancer pep-
tides that inhibit HB-EGF binding to EGFR to prevent
the signaling cascade involved in cancer progression. To
this end, the interactions of DT and CRM197 with HB-
EGF were studied using molecular dynamics (MD) sim-
ulations. The results were analyzed using the root mean
square fluctuation (RMSF), radius of gyration (Rg), and
root mean square deviation (RMSD). The amino acid re-
gions of DT and CRM197 critical for HB-EGF binding
were determined. The physicochemical properties, such
as allergenicity and antigenicity, of these peptides were
assessed using bioinformatics tools. The results of this
study are expected to be useful for the development of
effective anticancer peptides with therapeutic activity
against human cancers.

Materials and Methods

The DT and CRM197 structures were retrieved from
the Protein Data Bank (RCSB PDB) using the PDB IDs
IXDT and 4AEQ, respectively [24]. The protonation-
fixing process was performed with DT and CRM197,
prepared at pH 6.5 using the H++ server, which served
as the input for MD simulations [25]. The stability of
the DT structure at pH 6.5 was demonstrated in our pre-
vious study [26]. Therefore, the same pH was used in
the current study. Protons were added to the input struc-
ture according to the calculated ionization states of the
chemical groups at an intended pH. The output structure
is in the PQR (PDB+charge+radius) format. Deep view
(spdv3.7b2) was used to preview the files for missing
side chains and to replace them with added OXT at the
C-terminus. MD simulations were performed using the
GROMACS 4.5.4 package with the AMBER99SB force
field and periodic boundary conditions [27]. This study
was conducted using the original Ubuntu 12.04 oper-
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ating system, and the version of GROMACS deemed
most appropriate for it was 4.5.5. The solute was then
embedded in a TIP3P water box [28, 29]. Two distinct
simulation boxes, DT-HB-EGF and CRM197-HB-EGF,
were examined separately using GROMACS, and the
intended analysis was performed. The simulation boxes
were defined with dimensions of 10x10x10 nm for each
structure. The boxes were then filled with the appropri-
ate number of water molecules. To neutralize the system,
appropriate numbers of sodium and chloride ions were
added to each box. To eliminate any undesirable contact
atoms and the initial kinetic energy in the simulation
boxes, the energy was minimized by applying the steep-
est descent algorithm. Each of the defining systems was
equilibrated in two stages: 5 ns NPT and NVT simula-
tions with a pressure fixed at 1 bar. The temperature was
set to 310 K in the simulations. To maintain a constant
temperature, a velocity-rescaling thermostat was used
[28]. To maintain constant pressure during the simula-
tions, the Parrinello-Rahman barostat [30] was used in all
equilibration steps and MD simulations. For each com-
ponent of the system, PME algorithm [31] was applied
to estimate the electrostatic interactions. The LINCS
algorithm [32] was used to fix the chemical bonds in
the protein atoms. Simulations of DT complexed with
HB-EGF and CRM197 complexed with HB-EGF were
performed at 60 ns and 310 K. The structures were visu-
alized and analyzed using YASARA software. The aver-
age conformation of each model was extracted from the
trajectory and compared with the initial model using the
YASARA viewer and PyMol software. The secondary
structure of CRM197 in the complex at intended regions
was plotted using the poly view server.

Docking of DT and CRM197 to HB-EGF was per-
formed using AutoDock 4.2, a widely used non-com-
mercial docking program that effectively binds ligands
to their target proteins, exhibiting both high accuracy
and rapid computational performance [33]. The program
was executed as an add-on to Chimera. The binding sites
in DT were determined using the crystal structure of the
DT-HB-EGF complex (PDB ID: 1XDT), and the HB-
EGF structure was extracted from the complex structure.
It was then attached to CRM197 in its PDB file (4AE0)
to determine the binding sites of CRM197 to HB-EGF
using the AutoDock protocol. Among all the possible
poses suggested by AutoDock, the pose showing the
maximum number of hydrogen bonds and the minimum
binding free energy change (kcal/mol), as represented in
the View Dock window, was selected. These were fur-
ther analyzed in the Biovia Discovery Studio visualizer
for the hydrogen bond formation between the functional
groups of ligands and amino acids. Proteins were pre-
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pared by removing heteroatoms and adding hydrogens
and charges. For Docking of HB-EGF to the chemical
ligand (CHEMBL3288258), the simulation interac-
tions diagram (103928613 of PubChem- Binding DB-
External ID: 50017345) was converted to a PDB file
using Biovia Discovery Studio, followed by peptide
docking in AutoDock. For this purpose, PDBQT format
files for the target and ligand were prepared using their
PDB files. Moreover, Grid and Docking parameters files
(a.gpf and a.dpf) were provided. Molecular docking was
performed using Cygwin. The results were analyzed,
and the minimum binding free energy change (kcal/mol)
of the complex, as represented in the View Dock win-
dow, was selected.

The physicochemical properties of the peptides were
determined using the ProtParam program [34]. The an-
tigenicity of the peptides was evaluated using Vaxijen
software [35]. The allergenicity of the peptides was as-
sessed using AlgPred software [36].

Results

The fluctuations of amino acid residues in the DT com-
plexed with HB-EGF and CRM197 complexed with
HB-EGF were analyzed using the RMSF plot (Figure 1).
Lower fluctuations and, hence, lower flexibilities were ob-
served in the DT amino acids, including Leu304, Leu346,
Ile364, Thr400, Asp4l7, Thrd36, Metd59, Gly480,
Ser501, Ser508, Phe530, and Ser535, within the DT-
HB-EGF complex (Figure 1). In addition, the CRM197
amino acids comprising Phe250, Ser291, Thr300, Val340,
Tyr358, Trp398, Ala430, Cys471, His484, 11e499, and
Ile504, and Phe530 showed lower fluctuations within the
CRM197-HB-EGF complex. Figure 2 shows the Rg plots
of the DT-HB-EGF and CRM197-HB-EGF complexes
during the MD simulations. The Rg value of the DT-HB-
EGF complex increased from 2.89 nm at the beginning of
the simulation to 2.76 nm at 31 ns. It increased to 5.5 nm
at 32 ns and further increased to 7.2 nm at the end of the
simulation (60 ns).

The Rg value of the CRM197-HB-EGF complex in-
creased from 2.89 nm at the start of the simulation to 3.31
nm at the end of the simulation. The RMSD profiles of the
complexes were derived from 60 ns MD simulations (Fig-
ure 3). The RMSD value of the DT-HB-EGF complex at 31
ns of the simulation was 1.00 nm, while it reached 3.94 nm
at 32 ns and further increased to 5.83 nm at the end of the
simulation (60 ns). The RMSD value of the CRM197-HB-
EGF complex reached 1.52 nm at the end of the simulation.
Given that changes in the conformational stability of the
DT-HB-EGF complex were observed at 30 ns, an addition-
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Figure 1. The RMSF plots of DT-HB-EGF and CRM197-HB-EGF complexes following 60ns MD simulations
Note: The RMSF values of the CRM197-HB-EGF complex were shown by open blue circles. The RMSF values of the DT-HB-

EGF complex were indicated by filled red circles.

al 30 ns was added to ensure the structure’s stability and
confirm the correctness of the results. However, the confor-
mational stability of the CRM197-HB-EGF complex was
maintained during the simulation. We assessed the tertiary
structure of the DT-HB-EGF complex using YASARA soft-
ware (Figure 4A). The residues Ser508-Ser535 of DT and
Pro107-Ser147 of HB-EGF comprised the key amino acid
regions involved in the complex formation between DT
and HB-EGF. Moreover, the amino acids Ser291-Tyr358
of CRM197 and Pro107-Ser147 of HB-EGF were the key
amino acid regions responsible for complexing CRM197
and HB-EGF (Figure 4B). Assessing the secondary struc-
ture of pCRM in the CRM197-HBEGF complex (Figure

5) revealed that the amino acid residues Leu297-Ser305
and Ile310-Met314 were located in o-helix. In contrast,
the residues Ile316-Ala317 and Ala320-Val321 were lo-
cated in B-sheets, indicating intramolecular hydrogen bond
formation and hence the stability of the peptide structure.
The binding energy of the pPCRM-HB-EGF complex was
compared with that of the HB-EGF-CL complex. The AG
value of the pPCRM-HB-EGF complex (0.0215 kcal/mol)
was significantly lower than that of HB-EGFCL (182 kcal/
mol). These results indicated that the binding stability of
pCRM to HB-EGF was much higher than that of CL to HB-
EGF. Figure 6 shows the secondary structure of pCRM. It
consists of a-helix, coils, and B-sheets, which contribute to

Table 1. Physicochemical properties of peptides determined by protparam

Physicochemical Properties pDT pCRM
1l -3.67 27.85
Half-life in mammalian cells 19h 19h
Half-life in E. coli >10 h >10 h
Half-life in Yeast >20h >20h
Al 100.71 122.06
GRAVY score -0.032 0.631

Abbreviations: pDT: Peptides derived from diphtheria toxin; GRAVY: Grand average of hydropathicity; Al: Aliphatic index.
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Figure 2. The Rg plots of DT-HB-EGF and CRM197-HB-EGF complexes during 60ns MD simulations
Note: The Rg values of the CRM197-HB-EGF complex were shown by open blue circles. The Rg values of the DT-HB-EGF

complex were indicated by filled red circles.

peptide stability through hydrogen bonding. The physico-
chemical properties of the peptides derived from DT (pDT)
and CRM197 (pCRM) were analyzed by Protparam (Table
1). The estimated half-lives of the peptides in mammalian
cells, Escherichia coli, and yeast were 1.9h, >10 h, and
>20h, respectively. The Al of pCRM was higher than that
of pDT. The GRAVY score of pDT was lower than that of
pCRM. Furthermore, we assessed the allergenicity and anti-
genicity of the peptides using Algpred and VaxiJen software
(Table 2). Our results indicated that none of the peptides
were allergens. Moreover, pCRM197 was not antigenic,
whereas pDT was antigenic.

Discussion

The RMSF values determined during MD simulations
demonstrate the average atomic mobility of the backbone
atoms (N, Co, and C) relative to their average positions,
thereby capturing the flexibility of individual amino acid
residues. A high RMSF value indicates greater flexibility

of the amino acid residue, whereas a low RMSF value
indicates lower flexibility of the amino acid residue [37].
The amino acids involved in the interaction between DT
and HB-EGF were determined in our study considering
the amino acids with lower fluctuations in the RMSF plot
(Figure 1). Moreover, we determined the amino acids of
CRM197implicated in the interaction of CRM197 and
HB-EGF. These amino acids showed lower fluctuations
in the RMSF plot of the CRM197-HB-EGF complex
(Figure 1). The identified amino acids showing lower
fluctuations in DT and CRM197 were located within
the R and T domains. The molecular spatial packing of
amino acid residues is a crucial aspect of protein stabil-
ity. Compact packing of amino acid residues is known to
establish both the stability and folding rate of proteins.
Rg provides information about the size and compactness
of proteins. The struc- tural changes in proteins during
MD simulations were quantified using Rg values [38,
39]. The Rg plot of the DT-HB-EGF complex indicated

Table 2. Allergenicity and antigenicity of peptides determined by algpred and vaxijen

Peptides Allergenicity (Algpred) Antigenicity (VaxiJen)
pDT Non-allergen Antigen
pCRM Non-allergen Non-antigen

pDT: Peptides derived from diphtheria toxin.

Res Mol Med, 2025; 13(2):131-140



http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

Ghaderi & Tarahomjoo

Research in Molecular Medicine

Figure 3. The RMSD plots of DT-HB-EGF and CRM197-HB-EGF complexes during 60ns MD simulations

Note: The RMSD values of the CRM197-HB-EGF complex were shown by open blue circles. The RMSD values of the DT-HB-
EGF complex were indicated by filled red circles.

Figure 4. A) The three-dimensional structure snapshot of DT-HB-EGF complex showing residues Ser508-Ser535 of DT after
60 ns MD simulations, B) The tertiary structure snapshot of the CRM197-HB-EGF complex showing residues Ser291-Tyr358
of CRM197

Note: The tertiary structures of HB-EGF at residues Pro107-Ser147 were demonstrated in the figures.

Res Mol Med, 2025; 13(2):131-140
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Figure 5. The secondary structure of the CRM197-HB-EGF complex at chain B of CRM197 including pCRM after 60ns of simu-

lations derived from poly view server

that the complex structure was compact until 31 ns (Fig-
ure 2). However, the compactness decreased from 32 to
60 ns. The structure of CRM197-HB-EGF complex re-
mained compact during the simulation. RMSD is a key
parameter for analyzing the equilibration of MD trajec-
tories. The RMSD values of the protein backbone atoms
were plotted against time to evaluate the stability of each
system during the simulations [40].

The RMSD profile of the DT-HB-EGF complex indi-
cated the complex stability until 31 ns of the simulation.
However, the complex stability decreased from 32 to 60
ns. Moreover, the RMSD plot of the CRM197-HB-EGF
complex demonstrated that the simulation produced a
stable trajectory. The analysis of RMSD and Rg dem-
onstrated the conformational stability of the CRM197-
HB-EGF complex, and the lower fluctuations observed
in the RMSF plot of this complex indicated the binding

Res Mol Med, 2025; 13(2):131-140

stability of CRM197 to HB-EGF. However, assessing
RMSD and Rg for the DT-HB-EGF complex revealed
its conformational instability, and higher fluctuations in
its RMSF plot indicated the unstable binding of DT to
HB-EGF. The EGF-like domain of HB-EGF mediates
its binding to EGFR, resulting in EGFR activation. This
domain comprises amino acid residues 106-145 of HB-
EGF [2, 17].

The key amino acid region of DT mediating the com-
plex formation with HB-EGF was located within the R-
domain and composed of B-sheets (Figure 4A). The key
amino acid region of CRM197 involved in the complex
formation with HB-EGF resided on the T-domain and
was composed of a-helix, B-sheets, and coils (Figure
4B). The mutation of glycine 52 of DT to glutamic acid
in CRM197 induces structural changes in the C- domain
and the solvent accessibility of the R-domain [41]. Our
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Figure 6. The secondary structure of pCRM

analysis also demonstrated differences in the binding
regions of DT and CRM197 for the EGF-like domain
of HB-EGF. The construction and analysis of chimeric
and mutant forms of the HB-EGF precursor showed the
importance of residues E141, R115, and L127 for the
functioning of the HB-EGF precursor as a DT-receptor
[42, 43]. These amino acids were included in the key
amino acid regions of HB-EGF (Pro107-Ser147) iden-
tified in this study. The key amino acid regions of DT
and CRM 197 were bound to amino acids Pro107-Ser147
of HB-EGF, situated in its EGF-like domain (residues
106-145). Therefore, peptides targeting key amino acid
regions can interfere with binding to EGFR and inhibit
downstream signaling pathways responsible for cancer
progression.

The instability index (II) is a measure of peptide stabil-
ity; values less than 40 indicate stable peptides [34]. The
1T values of pCRM and pDT were less than 40, implying
their stability. The peptide half life was dependent on the
nature of the amino-terminus residues according to the
N-end rule [34]. Similar half-lives were predicted for the
peptides in different hosts. The aliphatic index (Al) is a
positive correlate of thermostability, and the grand aver-
age of hydropathicity (GRAVY) score is an indicator of
hydropathicity [34]. The Al analysis showed that pCRM
was more thermostable than pDT. The GRAVY scores
indicate that pDT interacts more strongly with water
molecules than pCRM. Allergenicity analysis revealed
non-allergenicity of these peptides. Non-antigenicity
was shown for pCRM, whereas pDT was antigenic.
These results imply the usefulness of pCRM as an an-
ticancer peptide that inhibits the binding of HB-EGF to
EGR, thereby blocking the signaling pathway involved
in cancer promotion.

Research in Molecular Medicine

Conclusion

In this study, we assessed the interactions between DT
and CRM197 with HB-EGF using MD simulations, ana-
lyzing RMSF, Rg, and RMSD. Our results demonstrat-
ed that amino acid residues Ser508-Ser535 of DT and
Ser291-Tyr358 of CRM197 constitute the critical amino
acid regions of these proteins involved in the formation
of a complex with HB-EGF through the EGF-like do-
main of HB-EGF. These peptides can interfere with HB-
EGF binding to EGFR and thus abolish the subsequent
signaling pathway responsible for cancer promotion.
Therefore, these peptides may have anticancer proper-
ties. These peptides were non-allergenic. The CRM197-
derived peptide was non-antigenic; hence, using this
peptide as an anticancer agent is advantageous over the
DT-derived peptide. Moreover, the peptide derived from
CRM197 mapped to the T-domain, indicating the role
of this domain in inhibiting HB-EGF function in tumor
growth and progression.
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