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Abstract: Drug discovery and development are intense, lengthy and interdisciplinary processes. Traditionally, drugs were
discovered by synthesizing compounds in time-consuming multi-step experimental investigations followed by in vitro and
in vivo biological screening. Promising candidates were then further studied for their pharmacokinetic properties, metabolism and potential toxicity. Today, the process of drug discovery has been revolutionized due to the advances in genomics,
proteomics, and bioinformatics. Efficient technologies such as combinatorial chemistry, high throughput screening (HTS),
virtual screening, de novo design and structure-based drug design contribute greatly to drug discovery. Peptides are
emerging as a novel class of drugs for cancer therapy, and many efforts have been made to develop peptide-based pharmacologically active compounds. This paper presents a review of current advances and novel approaches in experimental
and computational drug discovery and design. We also present a novel bioactive peptide analogue, designed using the
Resonant Recognition Model (RRM), and discuss its potential use for cancer therapeutics.
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DRUG DISCOVERY PROCESS
Drug discovery starts with target and lead discovery, followed by lead optimization and pre-clinical in vitro and in
vivo studies to determine if such compounds satisfy a number of pre-set criteria for initiating clinical development. For
the pharmaceutical industry, the number of years to bring a
drug from discovery to market is approximately 12-14 years
and costing up to $1.2 - $1.4 billion dollars. Traditionally,
drugs were discovered by synthesizing compounds in timeconsuming multi-step processes against a battery of in vivo
biological screens and further investigating the promising
candidates for their pharmacokinetic properties, metabolism
and potential toxicity. This discovery process has resulted in
high attrition rates with failures attributed to poor pharmacokinetics, lack of efficacy, animal toxicity, adverse effects
in humans and various commercial and miscellaneous factors
[1]. Nowadays, advances in genomics and proteomics, and
development of new bioinformatics methods contribute greatly to the process of drug discovery. Combinatorial chemistry
is a powerful tool used by medicinal chemistry for the design
of new drug candidates [2]. Combinatorial methods provide
a way to generate very large numbers of compounds in a
relatively short period of time (compared to the traditional
synthesis of a single compound). On the other hand, this aspect of combinatorial chemistry presents a problem as a balance is required between making everything possible and the
constraints of economics, logistics, and time. In other
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words, there is a need to select the products to be synthesized
from the vast pool of those possible to be produced [3].
In silico methods can help in identifying drug targets via
bioinformatics tools. As the structures of more and more
protein targets become available through crystallography and
NMR analysis, computational methods can use the known
structure of a protein target as a route to discover novel lead
compounds. These in silico methods include de novo design,
virtual screening and fragment based discovery.
Virtual screening and de novo design play important
roles in lead discovery processes in the pharmaceutical industry. Virtual screening refers to computational screening
of large libraries of chemicals for compounds that complement targets of known structure, which could be tested experimentally. Since virtual screening takes place in the threedimensional (3-D) active site of a target, it is also called
structure-based virtual screening. De novo design approaches
attempt to use the unliganded structure of a protein to generate a novel chemical structure that can bind to the protein’s
active site. There are various algorithms, most of which depend on identifying initial putative sites of interaction that
can be grown into complete ligands.
Fragment based discovery is based on the premise that
most ligands that bind strongly to a protein active site, can be
considered as a number of smaller fragments or functionalities. Fragments are identified by screening a relatively small
library of molecules (400-20,000) by X-ray crystallography
and NMR spectroscopy. The structures of the fragments
binding to a protein can be used to design new ligands by
adding functionality to the fragments or by incorporating
features of the fragments onto existing ligands.
© 2011 Bentham Science Publishers Ltd.
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The most powerful approach for designing drug-oriented
peptides is hybridization of structure-based and combinatorial chemistry methodologies. This approach proposes to
screen large quantities of drug candidates. The peptides are
designed using a semi-rational process, the so-called “evolutionary computation” [3]. The main advantage of this approach is that novel structures, not contained in any database,
can be designed, so the ligands can be built from scratch.
However, to achieve this goal, the algorithms have to address
two main issues. Firstly, a competent search method must be
provided to explore this high-dimensional chemical space.
Secondly, the search space (the set of all algorithmically
treatable molecules) must be structured into regions of
higher and lower quality to allow the prediction of desired
properties. In order to perform the search task, researchers
implemented and tested four different evolutionary algorithms [4]: Darwinist genetic algorithm (DGA), Lamarckian
genetic algorithm (LGA), population-based incremental
learning (PBIL) and Bayesian optimization algorithm
(BOA).
Belda et al. [4] designed peptide drugs, which can serve
as effective ligands to a target protein area defined by the
user. This methodology is also known as surface patch. One
application of such peptide drugs could be to act as inhibitors
of some pathological functionalities of a target protein [5].
On the basis of the surface patch method the researchers developed a new methodology for specific cases: prolyl oligopetidase, p53, and DNA gyrase. They compared the proposed peptides with some other peptides that were designed
using a purely chemical-knowledge based approach. In all
the tested cases, the peptides designed in silico presented
better docking energies than their counterparts designed
chemically [4].
A genetic or evolutionary algorithm applies the principles
of evolution found in nature to the problem of finding an
optimal solution to a Solver problem. In a "genetic algorithm," the problem is encoded in a series of bit strings that
are manipulated by the algorithm whereas in an "evolutionary algorithm," the decision variables and problem functions
are used directly. Most commercial solver products are based
on evolutionary algorithms. An evolutionary algorithm for
optimization is different from "classical" optimization methods in several ways: (i) Random Versus Deterministic Operation, (ii) Population Versus Single Best Solution, (iii)
Creating New Solutions Through Mutation, (iv) Combining
Solutions through Crossover, and (v) Selecting Solutions via
"Survival of the Fittest" [6-9].
A drawback of any evolutionary algorithm is that a solution is "better" only in comparison to other presently known
solutions. Such an algorithm actually has no concept of an
"optimal solution," or of any way to test whether a solution
is optimal. For this reason, evolutionary algorithms are best
employed on problems where it is difficult or impossible to
test for optimality. This also means that an evolutionary algorithm never knows for certain when to stop, aside from the
length of time, or the number of iterations or candidate solutions that can be allowed to be explored [9]. Despite this
limitation, evolutionary algorithms are perfect candidates for
applications were deterministic or analytical methods fail.
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For instance, cases where the underlying mathematical
model is ill-defined or the search space is too big [10].
Peptide aptamers are short peptides (up to 20 amino acids
in length) that can be selected from a random peptide library
and specifically bind to a given target protein under intracellular conditions [11]. The principle behind the approach is
that each oligopeptide of the library is displayed in a unique
formation and the library is large enough to contain a particular peptide, which is able to recognise and bind to any
given protein target structure. Selection occurs through
screening of a high-complexity peptide library, which is usually performed in vivo. To select an aptamer with a specific
binding affinity, screening of millions of different peptides
can be performed in 1-2 weeks. Aptamers with high binding
affinities might have useful biological properties, for example, preventing the interaction of the target protein with functionally important cellular partners. High-affinity binding
also limits the peptide concentrations necessary for an inhibitory effect. If the binding affinity is too low, affinity maturation by randomised mutagemers into more efficient inhibitors can occur [12]. The important advantage of this approach over conventional drug design is that the structure of
the target protein can remain unknown. Aptamers are able to
block only one specific function of a target protein, for example, the interaction site of a specific network member or
the substrate [13].
Structure-based drug design plays a key role in the process of developing a new compound/drug. It exploits the recognition and discrimination capabilities of a target protein to
create favourable interactions in three dimensions with a
particular molecule.
Fragment-Based Drug Discovery
At Evotec (http://www.evotec.com/), researchers use the
combination of a high-quality fragment library with sensitive
biochemical screening methods, for the identification of
weakly active fragment molecules as novel starting points
for medicinal chemistry optimization. The application of this
technology to enzyme targets such as renin and various
kinases is extremely powerful and can dramatically reduce
the time for moving from target to preclinical development
as well as generating novel chemical start points. The traditional approach to screening for candidate compounds is
high-throughput screening. The hit compound identified via
this approach is of a similar molecular weight and size to that
expected of the final drug, so the optimization of the hit
compound entails the sequential removal and addition of
appropriate functional groups aimed at increasing the potency and improving the pharmacokinetics of the compound.
The advantages of fragments are that they are about one-half
the molecular weight and so additional functionality can be
quickly added to rapidly improve the potency and pharmacokinetic (PK) properties. The fragment-based approach
ensures early access to crystal structures of the fragments
interacting with a biological target. Knowing the crystal
structures provides valuable information on how ligands
interact with the target, the interactions of the molecular
bonds, and what functionalities are most important. This
allows researchers to quickly build improved molecules and
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bypass the usual lengthy process of trial and error in molecule design.
Multiple Kinase Inhibitors
Prior to the completion of the Human Genome, the mapping of all the kinases in the human genome and drug discovery around kinases was problematic. It is known that
cancer is heterogeneous. Each kind is involved with multiple
pathways, angiogenesis, tumor growth, and metastasis, so
hitting one pathway isn’t going to be enough. Computational
techniques have provided a start for designing inhibitors
against individual targets. However, the design of compounds that are effective against multiple kinases has remained a challenge. By starting with validated targets and
known kinase inhibitors, it is possible to eliminate the hit-tolead stage of drug development by two to three years.
Protein and Ligand Structure-based Design for GPCRs
Protocols for structure-based drug design with soluble
proteins are now used fairly routinely. However, for G protein-coupled receptor (GCPR) targets, structure-based approaches are likely to be limited to homology models for a
few more years. These approaches are: examining traditional
ligand-based-drug design; target design using structural and
computational analysis—or taking advantage of what is already known about the system; and ligand re-design using
structural information about proteins to tune out unwanted
activity. The methods used include studying structureactivity relationships and high-throughput docking.
Lead Optimization
Lead optimization is the complex, non-linear process of
refining the chemical structure of a confirmed hit to improve
its drug characteristics with the goal of producing a preclinical drug candidate. This stage frequently represents the bottleneck of a drug discovery program. Lead optimization employs a combination of empirical, combinatorial, and rational
approaches that optimizes leads through a continuous, multistep process based on knowledge gained at each stage. Typically, one or more confirmed hits are evaluated in secondary
assays, and a set of related compounds, called analogues, are
synthesized and screened.
Renin Inhibitors
In this method a homology model of an enzyme is used
to characterize the binding mode of a peptide compound,
CGP38560, in complex with a model of renin. The medical
model used in the development of the compound is the reninangiotensin cascade leading to hypertension, which occurs in
three levels. Most drugs in this class can block the cascade at
the second and third levels, but the goal is to successfully
block the cascade at the first level.
Role of Peptides in Pharmacology
The importance and broad functional role of peptides in
life processes became apparent only in the 1950s and early
1960s, when the continuous development of increasingly
sensitive analytical methods and techniques for isolation and
purification started a new era in pharmacology. Size-

Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 8

1119

exclusion chromatography [14], chromatography on cellulose-based ion-exchangers [15], countercurrent distribution
[16] and other methods developed in various areas of biochemistry complemented the techniques for peptide isolation
that had been developed previously [17]. Native peptides can
be directly applied as pharmacologically active compounds
only to a very limited extent. The major disadvantages of the
application of a peptide in a biological system – for example,
rapid degradation by proteases, hepatic clearance, undesired
side effects by interaction of conformationally flexible peptides with different receptors, and low membrane permeability due to their hydrophilic character – prohibit the use of
oral application in most cases because of their detrimental
effects [17]. However, peptide chemistry can contribute considerably to drug development. The interaction of a peptide
or a protein epitope with a receptor or an enzyme is the initial event based on molecular recognition, and generally elicits a biological response. Many efforts have been made to
develop pharmacologically active peptide-based compounds,
including peptide modification and the design of peptidomimetics [17]. Whilst modified peptides contain nonproteino-genic or modified amino acid building blocks, peptidomimetics are non-peptidic compounds that imitate the
structure of a peptide in its receptor-bound conformation and
– in the case of agonists – the biological mode of action on
the receptor level. According to the definition by Ripka and
Rich [18], three different types of peptidomimetics may be
distinguished:
Type I
These are peptides modified by amide bond isosteres and
secondary structure mimetics. These derivatives are usually
designed to closely match the peptide backbone.
Type II
These are small non-peptide molecules that bind to a receptor or enzyme (functional mimetics). However, despite
being often presumed to serve as structural analogues of native peptide ligands, these non-peptide antagonists often bind
to a different receptor sub-site and, hence, do not necessarily
mimic the parent peptide.
Type III
These may be regarded as ideal mimetics, because they
are non-peptide compounds and contain the functional
groups necessary for the interaction of a native peptide with
the corresponding protein (pharmacophoric groups) grafted
onto a rigid scaffold.
The design of all three types of peptidomimetics may be
assisted by X-ray crystallographic or nuclear magnetic resonance (NMR) data, computational de novo design (“in silico
screening”), and combinatorial chemistry.
In peptide-based drug design it is most important to determine a specific peptide sequence with a high affinity for
binding to a particular protein surface. Solving a peptide
binding problem involves finding a region on the protein
surface suitable for peptide binding, finding the appropriate
peptide for this region and peptide refinement to enable stable binding which is required for inhibition. When the bind-
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ing surface is known, a peptide can be designed de novo. In
other cases, for a given peptide the region on the protein’s
surface with the optimum binding conditions should be
searched. Petsalaki et al. [19] introduced a method based on
a bioinformatics approach that could successfully find the
binding sites for the peptides. A similar approach, the de
novo molecular design computational tool ProLigand, was
adopted by Frenkel et al [20]. Known peptides were docked
to unknown locations on given proteins by Hetenyi and
Spoel [21] using AutoDock. There have been successful attempts for computational peptide design that use knowledgebased search strategies and diverse sets of statistical descriptors, different training databases, hydrophobicity scales, and
motif regularities, etc. [22]. Automated peptide binding
search techniques from known epitopes or protein libraries
have been successfully used as bioinformatics tools [23-25].
There are different computational binding tools such as the
sequence moment concept, artificial neural networks, fuzzy
neural networks and Hidden Markov Model for checking the
suitability of inhibitory peptides for binding on MHC class II
proteins [26]. The suitability of a ligand as a drug was tested
using Bayesian neural network analysis [27]. The application
of genetic algorithms for the design of peptides has been an
important line of research, examples of which are: in silico
peptide screening and the application of a genetic algorithm
to determine an inhibitory peptide against the Parkinson’s
disease-related protein a-Synuclein [28]; peptides as thrombin inhibitors [29,30]; integer linear programming [31]; design of hexapeptides against stromelysin protein [32], and a
peptide build up approach in combination with a genetic
algorithm [33-35].
Therapeutic Approaches to Cancer Treatment
To date, the morbidity and mortality associated with cancer is second only to heart disease [36]. Although some types
of cancers are clinically managed quite effectively with conventional therapy, the most common and life-threatening
cancers such as lung, breast and prostate require development of more effective and curative treatments by clinicians
and scientists. Surgery, where appropriate, remains a leading
treatment for many cancers. Less invasive therapies have
historically been divided into chemical and radiological
treatments. However, the sometimes complicated and severe
side-effects, associated with chemo- and radiation therapies,
have prompted oncologists and cancer researchers to look for
new approaches to cancer therapy. The genetic events associated with tumorigenesis involve the gain and loss of entire
chromosomes, specific chromosomal translocations, gene
amplifications, and deletions or point mutations [37-40].
These events can lead to increased activity of oncogenes
and/or the loss of function of tumour suppressor genes and
thus, contributing to tumor cells’ growth and development
[41]. For therapeutic purposes, it is most important to know
which of these genetic alterations are rate-limiting and possibly reversible. The answer to these questions will determine which genes or gene products will become the most
promising drug targets in the future [42].
Currently immunotherapy is at the forefront of experimental cancer therapies. This methodology utilises the power
of the immune system and its focused ability to destroy cancer cells [36]. Cancer vaccine development is becoming
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more complex and challenging with each advance in the
field. It ranges from molecular characterization of candidate
vaccine antigens or peptides, to formulation of an optimal
vaccine, and to administration and monitoring of such a vaccine in appropriately designed clinical trials [43]. Although
many approaches based on the employment of immune cells
or immune molecules to treat cancer have been and are being
studied, active immunization stands out as the most promising methodology [44]. The idea of vaccinating to treat cancer, i.e. the administration of a therapeutic vaccine, is not
new. For decades researchers and clinicians have studied and
debated the possibility of vaccinating against cancer [44].
Only recently the focus of such debates has changed from
pre-clinical proof-of-principle methodologies to what can
define a tumor antigen and to ways of optimal vaccine delivery to tumor sites to induce anti-cancer immunity. Vaccines
consisting of peptides derived from the protein sequence of a
candidate tumor-associated or specific antigens represent the
tip of the anti-cancer vaccine spear [36, 45]. To date, the vast
majority of published pre-clinical studies have demonstrated
the requirement of T-lymphocytes for the eradication of solid
tumors. Cytotoxic T-lymphocytes (CTLs) or CD8+ T cells
represent the primary cells involved in tumor-specific immune-mediated destruction of cancer cells. CTLs recognize,
engage and destroy target cells through the tri-molecular
interaction of the antigen-specific receptor (TCR) on the
CTL and peptides that are presented by the target cell to the
CTL in the context of class I major histocompatibility antigens (referred to in people as human leukocyte antigens or
HLA) [36].
Insights into the genetic defects of cancer cells lead to
new technologies being developed to extend and advance the
application of current therapeutic approaches to cancer
treatment [46]. These include the replacement of defective
versions of tumour suppressor genes and the specific inhibition of inappropriately activated oncogenes. The spectrum of
genetic tools used to interfere with the function of a given
gene product includes antisense and siRNA, intracellular
antibodies, dominant-negative proteins and RNA aptamers.
Selected inhibitory peptides can also contribute to this spectrum. In a few model systems, peptides have already been
used to manipulate crucial regulatory networks in cancer
cells [47-53]. They can target specific intracellular proteins
required by cancer cells for proliferation and invasion. Additional essential signalling components in cancer cells are
being discovered and it has been shown that individual peptides can be derived to inhibit their function in a targeted
fashion [54-56]. These peptides can be used for monotherapy or in combination with conventional chemotherapeutic agents. Since multiple pathways become dysfunctional
when a tumor develops, and cancer cells accumulate oncogenic mutations as they progress, the greatest advancement
can be achieved by combining therapeutic agents, which
address different hallmarks of cancer. This concept, called
“multi-focal signal modulation therapy” (MSMT), is a very
promising approach and researchers have demonstrated that
combinations of signal modulators achieve dramatic suppression of tumor growth [54-56].
ANTICANCER PEPTIDE THERAPY
Anticancer peptide therapy is an emerging field that uses
bioactive therapeutic peptides (TPs) to kill cancer cells. In
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the past 15 - 20 years, much effort has been directed to developing peptides capable of eliciting therapeutic responses
in cells. Early work was pursued with the goal of using peptides as tools to probe the mechanisms and functional consequences of various protein–protein interactions, but it soon
became apparent that peptides capable of mimicking or interfering with important intraprotein contacts could be useful as
therapeutic molecules [1].
Peptide therapy has many promising characteristics:
•

First, as opposed to small molecule drugs, peptides are
easily designed to target almost any protein of interest
using ‘rational’ methods. As the sequence, structure and
interaction partners of many oncogenic proteins are
known, peptides can be designed to inhibit these interactions by using a sequence from the interaction domain.

•

Second, peptides are easily produced, and their sequence
easily modified using chemical synthesis or molecular
biology techniques. However, the utilisation of peptides
for cancer therapy is limited at present by poor pharmacokinetic (PK) parameters and tumor deposition [57,
58]. When applied in vivo, peptides are rapidly degraded
in circulation, and their relatively large size and often
charged nature make them unable to penetrate cancer
cell membranes. These limitations can be overcome
through the use of non-natural amino acids or macromolecular carriers to enhance peptide stability and through
the use of cell penetrating peptides (CPPs) to increase
membrane permeability [1].

TPs can be grouped into three classes: (i) peptides that
interfere with proliferative signal transduction cascades, (ii)
peptides that arrest the cell cycle by modulating cyclindependent kinase activity and (iii) peptides that can directly
induce apoptosis by modulating proteins that control apoptotic response [1]. There are several types of peptide therapeutics that are being currently investigated for cancer treatment: (i) peptide inhibitors of Ras activation; (ii) peptide
inhibitors of MAP kinases; (iii) peptide inhibitors of NF-B
activation; (iv) peptides that affect p53 function; and (v) peptide inhibitors of c-Myc activation.
APPLICATION OF DIGITAL SIGNAL PROCESSING
FOR COMPUTATIONAL ANALYSIS OF PROTEINS
Resonant Recognition Model
Small molecular weight peptides have been recently applied in developing cancer therapeutics, mostly for their ability to easily penetrate cellular membranes and to interfere
with enzymatic functions or protein-protein interactions
within cells [59]. In the development of such therapies the
focus is on small peptides with strong tumoricidal activity
and low toxicity. This therapy aims at obtaining high therapeutic indices on cancer cells and to minimize undesirable
side effects on normal cells [60]. Computational approaches
have grown in their effectiveness due to improved understanding of the basic science, biological events and molecular interactions that define a target for therapeutic intervention, and advances in mathematical algorithms [61]. It is
generally recognized that the relationship between the structure and biological function of a protein and its ability to
bind to a specific ligand, can be enunciated in terms of a
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multistage process which involves specific biorecognition,
chemical binding and energy transfer. The Resonant Recognition Model (RRM) [62, 63] is one attempt to identify the
selectivity of protein interactions within an amino acid sequence.
The RRM allows investigation of the periodicity of structural motifs with defined physicochemical characteristics,
which determine biological properties of protein and DNA
sequences. The RRM presents a physico-mathematical approach to the analysis of protein-protein and protein-DNA
interactions. The RRM interprets a protein sequence’s linear
information using digital signal analysis [62-65]. It is assumed that proteins with the same biological function or
interactive activity have the same periodic components in the
distribution of delocalized electron energies along the protein
molecule. This postulate is supported by the fact that electrons delocalized in a particular amino acid have the strongest impact on the electronic distribution of the whole protein
sequence. The RRM is based on the findings that there is a
significant correlation between spectra of the numerical
presentation of amino acids and their biological activity [62,
63]. It was found that the RRM frequencies represent the
characteristic features of different proteins’ biological functions or interactions [62, 63]. It is proposed that these characteristic frequencies (RRM frequencies) are relevant parameters for mutual recognition between bio-molecules, and are
significant in describing the selectivity of interactions between proteins and their substrates or targets but are not
chemically binding [64, 65].
Bioactive Peptide Design Using the RRM
It is possible to determine the RRM characteristic frequency from analysis of the power spectra of proteins. In
addition, from the analysis of their phase spectra we can
identify the corresponding phase for a particular frequency.
On the basis of determined RRM characteristic frequencies
and phases for a particular group of protein sequences, we
can design amino acid sequences (short peptides) having
those specific characteristics related to a protein’s biological
function. It is expected that the designed peptide will exhibit
the desired biological activity.
The strategy for design of such defined peptides is presented below:
1) The RRM characteristic frequency is determined from
the multiple cross-spectral function for a group of protein sequences that share a common biological function
(interaction).
2) The phases are calculated for the characteristic frequency or frequencies of a particular protein, which is
selected as a parent for an agonist/antagonist.
3) The minimal length of the designed peptide is defined
by the appropriate frequency resolution. An Inverse
Fourier Transformation (IFT) is used to calculate a numerical sequence of different lengths, which exhibits the
same prominent characteristic frequency as a parent protein.
4) To determine the amino acids that correspond to each
element of the new numerical sequence defined above,
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the tabulated Electron Ion Interaction Potential (EIIP)
parameter values are used. The resulting new amino acid
sequence represents the anticipated designed peptide
[62, 66].
In previous studies the RRM approach was applied to
structure-function analysis of basic fibroblast growth factor
(bFGF) [67]. Property-pattern characteristics for biological
activity and receptor recognition for a group of FGF-related
proteins were defined and then used to aid the design of a set
of peptides which can act as bFGF antagonists. Molecular
modelling techniques were then employed to identify the
peptide within this set with the greatest conformational similarity to the putative receptor domain of bFGF. The 16 mer
peptide, which exhibits no sequence homology to bFGF,
antagonised the stimulatory effect of bFGF on fibroblast
thymidine incorporation and cell proliferation, but exerted no
effect itself in these in vitro bioassays [67].
The RRM was also successfully applied for the analysis
of HIV envelope proteins. The interaction between HIV virus envelope proteins and CD4 cell surface antigen has a
central role in the process of virus entry into the host cell.
Thus, blocking the interaction between the envelope glycoproteins and CD4 surface antigen, known to be the HIV receptor, should inhibit infection [68]. For this purpose, six
peptides, each of 20 amino acids in length, were designed
using the RRM methodology. To validate the RRM computational predictions, the activities of the designed peptides
were evaluated experimentally. These investigations were
performed initially by evaluating the reactivity and crossreactivity of all designed peptides with their corresponding
antibodies [68]. The results obtained showed significant
cross-reactivity to the polyclonal antibodies raised against
peptides that share at least one characteristic frequency and
phase at this frequency. The results provided an experimental
confirmation of the concept that RRM frequency characteristics present important parameters associated with biomolecular recognition and in particular, the antibody-antigen
recognition.
Design of Peptide Analogue with Anti Cancer Activity
Interleukin-12 (IL12) is a key regulator of cell-mediated
immunity that has therapeutic potential in cancer and infectious diseases [69]. It has an essential role in the interaction
between the innate and adaptive arms of immunity by regulating inflammatory responses, innate resistance to infection,
and adaptive immunity. IL12 can utilize the effects or
mechanisms of both innate resistance and adaptive immunity
to mediate anti-tumor resistance [70]. The potent in vivo antitumor and antimetastatic effects of IL12 against murine
tumors were reported in the 1990s [71]. These findings were
followed by other studies on experimental tumor models,
which concluded that recombinant IL12 treatment has a
dramatic anti-tumor effect on transplantable and chemically
induced tumors and in tumors arising spontaneously in genetically modified mice [72].
IL12 has been shown to have potent antitumor effects in
murine models of melanoma, sarcoma, kidney cancer, lung
cancer, colon cancer and ovarian cancer [73-63]. Systemic or
peritumoral injection of IL12 can induce complete regression
of established tumors, inhibit the formation of distant metas-
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tases and substantially prolong the survival of tumor-bearing
mice. These studies have identified doses of IL12 that can
induce impressive tumor responses without causing overt
toxicity. In some tumor models, mice that had experienced
complete responses after IL12 therapy were subsequently
able to reject implants of the same tumor, but not of a different tumor, suggesting that specific antitumor immunity had
been established [73-76]. In models of colon cancer, ovarian
cancer, lung cancer, renal cell cancer and melanoma, IL12
was found to be more effective and/or less toxic than IL2
[73-76]. Moreover, a combination of IL2 and IL12 was more
effective than either cytokine alone in models of primary and
metastatic renal cell cancer [73]. IL12 can also augment the
graft versus- tumor effect of bone marrow transplantation
without promoting graft-versus-host disease [75, 76]. The
mechanisms underlying the antitumor activity of IL12 are
likely to be complex and have not been fully elucidated [70].
Computational Analysis and Peptide Design Using the
RRM
Here the RRM approach was employed for structurefunction analysis of IL12 proteins and the computational
design of a short therapeutic peptide having IL12-like activity. Its toxic anti-tumor effect was then validated experimentally. Thirteen IL12 proteins from different origins were analysed using the RRM. The characteristic RRM frequency
(most prominent) was identified at fRRM=0.4531 Fig. (1).
According to the RRM concepts this prominent peak characterises the common biological activity of analysed MV proteins. Less prominent peaks observed in Fig. (1) confirm that
these selected IL12 proteins can be involved in different biological processes (interact with other proteins). Mouse IL12
sequence (NP_032377, 215 aa, Entrez Protein Database) was
selected as a parent protein to design a short bioactive peptide having IL12-like activity. The RRM-IL12 (sequence
AREDLDERAQQKREDLDP for an 18 aa linear peptide.
The length of the designed peptide is defined using the ration
L=1/fRRM) was designed with the frequency fRRM=0.4531 and
phase =3.069. The synthetic peptide sequence has the following characteristics: a molecular weight of 2.184 kDa’
theoretical pI of 4.39 and an estimated half-life of 4.4hr in
mammalian reticulocytes.

Fig. (1). Multiple cross-spectral function of 13 mammalian IL12
protein sequences. The prominent peak(s) denote common frequency components. The abscissa represents the RRM frequencies,
and the ordinate is the normalized intensity.
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A similar procedure was used to design the negative control peptide analogue (RRM-C), which has a different “inactive” frequency and phase (fC=0.2, C=1.5) and does not express IL12 activity. The 22 amino acids linear peptide
CVLQDCVLQDCVIQDCVLQDCV was designed as a
negative control for biological cytotoxicity assays (molecular
weight of 2.454kDa, theoretical pI of 3.32, and estimated
half-life of 1.2hr).
Biological Examination of the RRM-IL12 Peptide Analogue
The cytotoxic effects of RRM-IL12 on mouse cancer and
normal cells were evaluated on the following adherent and
semi adherent cell lines: (a) a mouse melanoma (B16F0)
cancer cell line; (b) a non-transformed, normal mouse skin
fibroblast primary cell culture; (c) Chinese Hamester Ovary
(CHO), a normal transformed cell line, and (d) the semiadherant mouse macrophage cell line (J774). The cell cultures were maintained in complete Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% heatinactivated foetal bovine serum at 37°C in 10% CO2. The
evaluation of cytotoxic effects was performed on 95% confluent cell cultures by incubation with various concentrations
of RRM-IL12 or RRM-C (100ng/ml-1600ng/ml) with the
bioactive peptide RRM-IL12 or the negative control RRM-C
as explained below.
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a) Phase Contrast Microscopy
One of the parameters used to evaluate the cytotoxicity of
RRM-IL12 and RRM-C on mouse cancer and normal cell
lines is the detachment of a large number of cells from the
adherent confluent layer of treated cell cultures versus the
untreated cultures. This was performed by phase contrast
microscopy Fig. (2). Similar concentrations of the total protein ova albumin (OA) were also used as a second negative
control. The cultures were checked every three hours by
phase contrast microscopy to detect the initiation of cellular
morphological changes (cell shape, membrane blebs etc.)
and detachment of the 95% confluent layer. Cellular detachment of the adherent cell culture was detected in B16F0
melanoma cell culture after three hours of incubation. These
had the highest concentrations of RRM-IL12 peptide analogue (1600ng/ml) Fig. (2A) when compared with the nontreated culture Fig. (2D). Interestingly, even after sixteen
hours of treatment of normal cell cultures (mouse skin fibroblasts, mouse macrophages J774 and CHO cell line), with up
to 1600ng/ml of the bioactive peptide RRM-IL12, no morphological changes or detachment were detected (data not
shown). Furthermore, there was no detachment in normal
and cancer cultures treated with the negative control peptide
RRM-C or with the OA protein at any concentration within
sixteen hours of incubation, Fig. (2B and 2C).

A

B

C

D

Fig. (2). Phase contrast micrographs with 40X magnification for B16F0 cell cultures treated with 800ng/ml of RRM-IL12 (A); RRM-C (B),
or OA (C) for three hours. The dashed black arrow in A indicates the detachment of the cellular layer and loss of adherent cells in a culture
treated with RRM-IL, while there was no detachments and loss of cells in cultures treated with similar concentrations of RRM-C or OA
(B&C) as compared with the non treated cell cultures in (D).
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b) Detection of Cytotoxicity by Confocal Immunofluorescence Microscopy
Cellular cytotoxicity in normal and cancer cells was assessed by detection of apoptosis and necrosis using a Vybrant Apoptosis Assay kit which contains annexin V-Alexa
Fluor 488 conjugate (AF) and propidium iodide (PI). Cells in
DMEM only were treated with selected concentrations of the
peptide analogues at 37°C for 3h. After treatment, cells were
washed once with ice-cold 1 PBS and labelled with annexin
V-AF 488 and PI according to the manufacturer’s instructions. Confocal laser scanning microscopy (CLSM) imaging
of cells was carried out with a Nikon Eclipse Ti-E A1 laserscanning confocal system (Nikon Instruments Inc, USA),
using the 10, 20 and 40 objectives. In order to compare
the extent of apoptosis between treatments, the pinhole aperture and other settings were fixed. Cell images captured were
analysed with the NIS-Element imaging software.
Evaluation of results for the in vitro assays via CLSM
was done through the assessment of the effects of the different treatments on normal and cancer cells. The assessment
included the determination of the difference in the number of
apoptotic cells (green fluorescence) and necrotic cells (red
fluorescence) between treated and non treated cultures within
the same cell line and between treated cultures from different
cell lines (normal vs cancer cells). Our results revealed that
the treatment of the B16F0 mouse melanoma cells with
RRM-IL12 peptide analogue induced both cellular apoptosis
and necrosis (cell death) in the cancer cells as compared with
the non treated B16F0 cell culture and also with the B16F0
cells treated with the negative control peptide RRM-C Fig.
(3A).
The effect of the RRM-IL and RRM-C on normal cell
lines was also assessed Fig. (3B; 3C; and 3D). The cytotoxic
effects (apoptosis and necrosis) of the RRM-IL on the normal cell lines were minimal when treated and non-treated
cultures from the same cell line were compared. It was
clearly shown that the bioactive peptide analogue RRM-IL12
has selectively induced apoptosis and necrosis on cancer
cells while it has a negligible effect on normal cells Fig. (3C,
3D).
c) Quantitative LDH Assay
The cell cytotoxicity of the RRM-IL12 and RRM-C
treated cultures was quantitatively assessed by measuring the
release of cytoplasmic lactate dehydrogenase (LDH) into cell
culture supernatants. Cell cultures were seeded and grown as
previously indicated and then incubated with specific concentrations of the peptide analogues (800ng/ml and
1600ng/ml) at 37°C for 3h. LDH activity was evaluated using the Cytotoxicity Detection Kit (Roche Diagnostics). Experiments were performed in triplicates with three repeats
within each experiment. According to the manufacturer’s
instructions, the percentage of cell cytotoxicity was calculated using the following formula: 100[(experimental LDH
release - spontaneous LDH release)/(maximum LDH release
- spontaneous LDH release). The statistical analysis on the
cytotoxicity data was conducted with one-way ANOVA and
Dunnett’s test, which compares the means of all treatments
with a designated control (negative control peptide or untreated cells).
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The values of the LDH assay indicated that the bioactive
peptide RRM-IL12 has a significant cytotoxic effect on the
mouse melanoma cell line (B16-F0), inducing high LDH
release and cytotoxicity, when compared to both untreated
(blank) and RRM-C -treated cells Fig. (4). RRM-IL12 treatment produced no cytotoxic effect on both the mouse macrophage J744 and CHO cell lines when compared with the
non-treated cultures Fig. (4). On the other hand, no cytotoxic
effects were detected in cancer or in normal cell cultures
treated with the non bioactive peptide, RRM-C. Interestingly, the percentages of cellular cytotoxicity measured for
this assay in all three cancer and normal cell lines incubated
with RRM-C, were less than the percentages of cytotoxicity
in non-treated cultures. This needs further investigation as it
is possible that RRM-C may affect the cellular proliferation
rate in these cell cultures, leading to cell survival. The LDH
cytotoxicity data Fig. (4) substantiates the observations seen
in the CLSM micrographs Fig. (3), where levels of LDH
release from RRM-IL12-treated mouse melanoma cells corresponded to the intensity of cellular apoptosis and necrosis
detected by CLSM in these cells. Our experimental results
clearly indicate that significant cytotoxic effects due to the
RRM-IL12 peptide analogue only occurred for cancer cells,
while cytotoxicity effects could not be detected in normal
cell lines treated with RRM-IL12.
CONCLUSION
This paper presents a review of current advances and
novel approaches in experimental and computational drug
discovery, design and development. The reviewed literature
demonstrates that therapeutic peptides can be developed for
the inhibition or reactivation of a huge variety of important
signaling molecules. Furthermore, these peptides can be very
specific with regard to their target proteins and in some cases
can also be specific with regard to the cancerous cell types.
As knowledge grows about the proteins involved in tumor
cell development, peptides will be the first available inhibitors for therapy of the newly discovered target proteins.
Therefore, owing to their ease of design and production and
wide spectrum of potential targets, therapeutic peptides have
a promising future in cancer therapy.
Therapeutic peptides have many attributes that make
them attractive as drugs for cancer therapy. First, because so
much is known about the sequence and structure of interacting proteins, the rational design of therapeutic peptides to
inhibit interactions of interest is relatively easy, and certainly
much easier than designing small molecules to inhibit the
same interactions. This gives drug developers access to inhibitors of many important protein–protein interactions to
which small molecule inhibitors are not available. Furthermore, because therapeutic peptides can be very specific, this
can reduce the likelihood of “off-target” effects. However, so
far, the use of peptides for cancer treatment has been limited
due to their poor performance pharmacologically. Limitations of stability in plasma, bioavailability and tumor cell
penetration have prevented the advance of peptides beyond
preclinical testing. Therefore, the key issue for the development of this new class of drugs is not finding new therapeutic peptides, but finding new ways for their delivery to tumor
cells (tumor sites for in vivo validation) [31].
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A

B
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Fig. (3). Effects of RRM-IL12 and RRM-C treatment on mouse melanoma B16F0 cell line in A, normal mouse skin primary cell culture in B,
CHO cell line in C, and mouse macrophages J774 cell line in D. The cell lines were incubated with 800ng/ml of the peptide analogues for
three hours. The non- treated cell cultures were similarly processed. Cellular apoptosis (green cells) and necrosis (red cells) were detected by
Vybrant Apoptosis Assay kit (invitrogen), which contains annexin V-Alexa Fluor 488 (AF488) conjugate and propidium iodide (PI) and
viewed by Confocal Laser Scanning Microscopy (CLSM), with 100x magnification. The abundance of apoptotic and necrotic cells is clear in
the mouse melanoma cell line B16F0 (in A) treated with RRM-IL12 as compared with the negative control RRM-C and the non treated cell
culture. The dashed black arrow in A indicates the detachment of the confluent layer due to cell death, while the solid black arrows in B indicate another form of cells in this primary cell culture. Cellular changes or detachment were minimal in the three normal cell lines (B, C & D)
as the number of apoptotic and necrotic cells in the treated and non treated cultures were not significantly different.

In this paper we also discussed the use of de novo designed peptides for cancer therapy using the example of the
IL-12-like short peptide, which was computationally de-

signed using the RRM approach. Experimental evaluation of
the designed peptide’s efficacy for cancer treatment has been
undertaken on B16F0 melanoma cancer and normal mouse
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cell lines. The results obtained indicated that the cytotoxic
effects of the computationally designed RRM-IL12 peptide
analogue were directed against cancer cells leading to cellular necrosis, yet it has negligible effects on normal cells. Furthermore, the findings revealed that the effects of the nonbioactive control peptide RRM-C were minimal on both
normal and cancer cells. The outcomes of our experimental
validation are encouraging and lead to the conclusion that
bioactive RRM designed peptide analogues should be further
investigated as potential cancer therapeutics.
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Fig. (4). Effect of RRM designed peptide analogues on cells by
LDH cytotoxicity assay. Cells were incubated without treatment
(blank), with negative control peptide (RRM-C) and IL-12 bioactive peptide (RRM-IL12) for 3h at 1.6g/mL. Each bar represents
the mean ± standard errors for three separate experiments done in
triplicate. Data values that are significantly altered (***) when
compared to the negative control (RRM-C) and when compared to
untreated cells (Blank) at a significant level of p < 0.05 (ANOVA
and Dunnett’s post-hoc analysis)

ACKNOWLEDGEMENTS
The experimental investigation of the synthetic peptide,
reported in this article, was supported by the RMIT Health
Innovations Research Institute.

[20]

[21]
[22]

[23]
[24]

[25]

REFERENCES
[1]
[2]

[3]

[4]

[5]
[6]
[7]

Bidwell, G.L. III; Raucher, D. Therapeutic peptides for cancer
therapy. Part I – peptide inhibitors of signal transduction cascades.
Expert Opin. Drug Deliv., 2009, 6(10), 1033-1047.
Dolle, R.E. Comprehensive survey of chemical libraries yielding
enzyme inhibitors, receptor agonists and antagonists, and other biologically active agents: 1992 through 1997. Mol. Diversity, 1998, 3,
199-233.
Pickett, S.D.; McLay, I.M.; Clark, D.E. Enhancing the hit-to-lead
properties of lead optimization libraries. J. Chem. Inf. Comput. Sci.,
2000, 40, 263-272.
Belda, I.; Llorma, X.; Martinell, M.; Tarrago, T.; Giralt, E. Computer-aided peptide evolution for virtual drug design, illigal report
no. 2004015, illinois genetic algorithms laboratory university of illinois at urbana-Champaign, 2004.
Zeng, J. Mini-review: Computational structure-based design of
inhibitors that target proteins surfaces. Comb. Chem. High
Throughput Screen, 2000, 3, 355-362.
Fogel, G.B.; Corne, D.W. Evolutionary Computation in Bioinformatics, Elsevier Science, 2002.
Teixido, M.; Belda, I.; Rosello, X.; Gonzalez, S.; Fabre, M.;
Llorma, X.; Bacardit, J.; Garrell, J.M.; Vilaro, S.; Albericio, F.; Giralt, E. Development of a genetic algorithm todesign and identify

[26]
[27]
[28]

[29]

[30]
[31]

[32]

peptides that can cross the blood-brain barrier. QSAR Comb. Sci.,
2003, 22 (7), 745-753.
Patel, S.; Stott, I.; Bhakoo, M.; Elliott, P. Patenting evolved bactericidal peptides. In creative evolutionary systems, Morgan Kaufmann Publishers, 2001, 525-545.
Kamphausen, S.; Hltgen, N.; Wirsching, F.; Morys-Wortmann, C.;
Riester, D.; Goetz, R.; Thrk, M.; Schwienhorst, A. Genetic algorithm for the design of molecules with desired properties. J. Computer-Aided Mol. Des., 2002, 16, 551-567.
Budin, N.; Majeux, N.; Tenette, C.; Caflisch, A. Structure-based
ligand design by a build-up approach and genetic algorithm search
in conformational space. J. Computat. Chem., 2001, 22(16), 19561970.
Colas, P.; Cohen, B.; Jessen, T. Genetic selection of peptide aptamers that recognize and inhibit cyclin-dependent kinase 2. Nature,
1996, 380(6574), 548-550.
Colas, P. Combinatorial protein reagents to manipulate protein
function, Curr. Opin. Chem. Biol., 2000, 4(1):54-59.
Borghouts, C.; Kunz, C.; Groner, B. Peptide aptamers: recent developments for cancer therapy”, Expert Opin. Biol. Ther., 2005,
5(6), 783-797.
Porath, J.; Flodin, P. Gel filtration: a method for desalting and
group separation. Nature, 1959, 183, 1657-1659.
Peterson, E.A.; Sober, H.A. Chromatography of proteins. I. Cellulose ion-exchange adsorbents. J. Am. Chem. Soc., 1956, 78, 751755.
Craig, L.C.; King, T.P. Design and use of a 1000-tube countercurrent distribution apparatus. Fed. Proc., 1958, 17, 1126-1134.
Sewald, N.; Jakubke, H.-D. Peptides: Chemistry and Biology.
Wiley-VCH Verlag GmbH & Co., 2002.
Ripka, A.S.; Rich, D.H. Peptidomimetic design. Curr. Opin.Chem.
Biol., 1998, 2, 441-452.
Petsalaki, E.; Stark, A.; Garcia-Urdiales, E.; Russell, R.B. Accurate
Prediction of Peptide Binding Sites on Protein Surfaces. Plos.
Computat. Biol., 2009, 5.
Frenkel, D.; Clark, D.E.; Li, J.; Murray, C.W.; Robson, B. ProLigand – an Approach to De-Novo Molecular Design.4. Application to the Design of Peptides. J. Comput.-Aided Mol. Des., 1995,
9, 213–225.
Hetenyi, C.; Van der Spoel, D. Efficient docking of peptides to
proteins without prior knowledge of the binding site. Protein Sci.,
2002, 11, 1729–1737.
Juretic, D.; Vukicevic, D.; Ilic, N.; Antcheva, N.; Tossi, A. Computational Design of Highly Selective Antimicrobial Peptides. J.
Chem. Inform. Model., 2009, 49, 2873–2882.
Mayrose, I.; Penn, O.; Erez, E.; Rubinstein, N.D.; Shlomi, T. Pepitope: epitope mapping from affinity-selected peptides. Bioinformatics, 2007, 23, 3244–3246.
Moreau, V.; Fleury, C.; Piquer, D.; Nguyen, C.; Novali, N. PEPOP:
Computational design of immunogenic peptides. BMC Bioinformatics, 2008, 9.
Stein, A.; Aloy, P. A molecular interpretation of genetic interactions in yeast. FEBs. Lett., 2008, 582, 1245–1250.
Unal, E.B. Gursoy, A.; Erman, B. VitAL: Viterbi Algorithm for de
novo Peptide Design. PLoS One, 2010, Vol. 5, Issue 6.
Ajay, A.; Walters, W.P.; Murcko, M.A. Can we learn to distinguish
between ‘‘drug-like’’ and ‘‘nondrug-like’’ molecules? J. Med.
Chem., 1998, 41, 3314–3324.
Abe, K.; Kobayashi, N.; Sode, K.; Ikebukuro, K. Peptide ligand
screening of asynuclein aggregation modulators by in silico panning. BMC Bioinformatics, 2007, 8, 451.
Kamphausen, S.; Holtge, N.; Wirsching, F.; Morys-Wortmann, C.;
Riester, D. et al. Genetic algorithm for the design of molecules
with desired properties. J. Comput. Aided Mol. Des., 2002, 16,
551–567.
Riester, D.; Wirsching, F.; Salinas, G.; Keller, M.; Gebinoga, M.
Thrombin inhibitors identified by computer-assisted multiparameter design. Proc. Nat. Acad. Sci. USA, 2005, 102, 8597–8602.
Klepeis, J.L.; Floudas, C.A.; Morikis, D.; Tsokos, C.G.; Lambris,
J.D. Design of peptide analogues with improves activity using a
novel de novo protein design approach. Industrial & Engineering
Chemistry Research, 2004, 43, 3817–3826.
Singh, J.; Ator, M.A.; Jaeger, E.P.; Allen, M.P.; Whipple, D.A.
Application of genetic algorithms to combinatorial synthesis: A
computational approach to lead identification and lead optimization. J. Am. Chem. Soc., 1996, 118, 1669–1676.

Advances in Methods for Therapeutic Peptide Discovery, Design and Development
[33]

[34]

[35]

[36]
[37]
[38]
[39]
[40]

[41]
[42]
[43]
[44]
[45]

[46]
[47]

[48]

[49]
[50]

[51]

[52]
[53]

[54]

Budin, N.; Ahmed, S.; Majeux, N.; Caflisch, A. An evolutionary
approach for structure-based design of natural and nonnatural peptidic ligands. Comb. Chem. High Throughput Screen, 2001, 4, 661–
673.
Budin, N.; Majeux, N.; Caflisch, A. Fragment-based flexible ligand
docking by evolutionary optimization. Biological Chemistry, 2001,
382, 1365–1372.
Budin, N.; Majeux, N.; Tenette-Souaille, C.; Caflisch, A. Structurebased ligand design by a build-up approach and genetic algorithm
search in conformational space. Journal of Computational Chemistry, 2001, 22, 1956–1970.
Bright, R.K.; Franz, R.W. Book Reveiw. Peptide-based cancer
vaccines. Leukemia, 2002, 16, 970–971, DOI: 10.1038/sj/leu/
2402436.
Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell. 2000,
100, 57–70.
Hahn, W.C.; Weinberg, R.A. Rules for making human tumor cells.
N. Engl. J. Med., 2002, 347, 1593–1603.
Feinberg, A.P. The epigenetics of cancer etiology. Semin. Cancer
Biol., 2004, 14, 427–432.
Futreal, P.A.; Coin, L.; Marshall, M.; Down, T.; Hubbard, T.;
Wooster, R.; Rahman, N.; Stratton, M.R. A census of human cancer genes. Nat. Rev. Cancer, 2004, 4, 177–183.
Borghouts, C.; Kunz, C.; Groner, B. Current strategies for the development of peptide-based anti-cancer therapeutics”. J. Peptide
Sci., 2005, 11, 713–726 DOI: 10.1002/psc.717.
Weinstein, I.B. “Cancer addiction to oncogenes–the Achilles heal
of cancer”, Science, 2002, 297, 63–64.
Waldmann, T.A. Immunotherapy: past, present and future. Nat.
Med., 2003, 9, 269–277. doi:10.1038/nm0303-269.
Old, L.J. Immunotherapy for cancer. Sci. Am., 1996, 275, 136-143.
Knutson, K.L.; Schiffman, K.; Disis, M.L. Immunization with a
HER-2/neu helper peptide vaccine generates HER-2/neu CD8 T
cell immunity in cancer patients. J. Clin. Invest., 2001, 107, 477484.
McCarty, M.F. Targeting multiple signaling pathways as a strategy
for managing prostate cancer: multifocal signal modulation therapy. Integr. Cancer Ther., 2004, 3, 349–380.
Buerger, C.; Nagel-Wolfrum, K.; Kunz, C.; Wittig, I.; Butz, K.;
Hoppe-Seyler, F.; Groner, B. Sequence-specific peptide aptamers,
interacting with the intracellular domain of the epidermal growth
factor receptor, interfere with Stat3 activation and inhibit the
growth of tumor cells. J. Biol. Chem., 2003, 278, 37610–37621.
Kardinal, C.; Konkol, B.; Lin, H.; Eulitz, M.; Schmidt, E.K.; Estrov, Z.; Talpaz, M.; Arlinghaus, R.B.; Feller, S.M. Chronic myelogenous leukemia blast cell proliferation is inhibited by peptides
that disrupt Grb2-SoS complexes. Blood, 2001, 98, 1773–1781.
Mai, J.C.; Mi, Z.; Kim, S.H.; Ng, B.; Robbins, P.D. A proapoptotic
peptide for the treatment of solid tumor. Cancer Res., 2001, 61,
7709–7712.
Mendoza, F.J.; Espino, P.S.; Cann, K.L.; Bristow, N.; McCrea, K.;
Los, M. Anti-tumor chemotherapy utilizing peptide-based approaches–apoptotic pathways, kinases, and proteasome as targets,
Arch. Immunol. Ther. Exp. (Warsz), 2005, 53, 47–60.
Nagel-Wolfrum, K.; Buerger, C.; Wittig, I.; Butz, K.; HoppeSeyler, F.; Groner, B. The interaction of specific peptide aptamers
with the DNA binding domain and the dimerization domain of the
transcription factor Stat3 inhibits transactivation and induces apoptosis in tumor cells. Mol. Cancer Res., 2004, 2, 170–182.
Wang, H.L.; Kurtz, A. Breast cancer growth inhibition by delivery
of the MDGI-derived peptide P108”. Oncogene, 2000, 19, 2455–
2460.
Zhang, J.; Spring, H.; Schwab, M. Neuroblastoma tumor cellbinding peptides identified through random peptide phage display.
Cancer Lett., 2001, 171, 153–164.
Lev, D.C.; Kim, L.S.; Melnikova, V.; Ruiz, M.; Ananthaswamy,
H.N.; Price, J.E. Dual blockade of EGFR and ERK1/2 phosphorylation potentiates growth inhibition of breast cancer cells. Br. J.
Cancer, 2004, 91, 795–802.

Received: April 30, 2010

Accepted: June 22, 2010

[55]

[56]

[57]
[58]

[59]

[60]

[61]
[62]
[63]
[64]
[65]

[66]
[67]

[68]

[69]
[70]
[71]

[72]

[73]
[74]
[75]

[76]

Current Pharmaceutical Biotechnology, 2011, Vol. 12, No. 8

1127

McCarty, M.F. Targeting multiple signaling pathways as a strategy
for managing prostate cancer: multifocal signal modulation therapy. Integr. Cancer Ther., 2004, 3, 349–380.
Tortora, G.; Caputo, R.; Damiano, V.; Melisi, D.; Bianco, R.; Fontanini, G.; Veneziani, B.M;. De Placido, S.; Bianco, A.R.; Ciardiello, F. Combination of a selective cyclooxygenase-2 inhibitor with
epidermal growth factor receptor tyrosine kinase inhibitor ZD1839
and protein kinase A antisense causes cooperative antitumor and
antiangiogenic effect. Clin. Cancer Res., 2003, 9, 1566–1572.
Talmadge, J.E. Pharmacodynamic aspects of peptide administration
biological response modifiers. Adv. Drug Deliv. Rev., 1998, 33(3),
241-52
Lipka, E.; Crison, J.; Amidon, G.L. Transmembrane transport of
peptide type compounds: prospects for oral delivery. J. Control Release. 1996, 39(2-3), 121-129.
Park, Y.J.; Chang, L.C.; Liang, J.F.; Moon, C.; Chung, C.P.; Yang,
V.C. Nontoxic membrane translocation peptide from protamine,
low molecular weight protamine (LMWP), for enhanced intracellular protein delivery: in vitro and in vivo study. FASEB J., 2005, 19,
1555–1557.
Schmidt, M.M.; Wittrup, K.D. A modeling analysis of the effects
of molecular size and binding affinity on tumor targeting. Mol.
Cancer Ther., 2009, 8, 2861-2871.
Truhlar, D.G.; Howe, D.G.; Hopfinger, A.J.; Blaney, J.; Dammokoehler, R.E. (Eds). Rational Drug Design. Springer, 1999.
Cosic, I. Macromolecular bioactivity: Is it Resonant Interaction
between Molecules? - Theory and Applications. IEEE Trans. BME.
1994, 41, 1101-1114.
Cosic, I. The Resonant Recognition Model of Macromolecular
Bioactivity: Theory and Applications. Birkhauser Verlag., 1997.
Cosic, I. Spectroscopy for fun and profit. Nat. BioTech., 1995, 13,
236-238.
Cosic, I.; Hodder, A.N.; Aguilar, M.I.; Hearn, M.T.W. Resonant
Recognition Model and Protein Topography: Model Studies with
Myoglobin, Hemoglobin and Lysozyme. Eur. J. Biochem., 1991,
198, 113-119.
Veljkovic, V.; Slavic, M. General model of pseudopotentials. Phy.
Rev. Lett., 1972, 29, 105-108.
Cosic, I.; Drummond, A.E.; Underwood, J.R.; Hearn, M.T.W. In
vitro inhibition of the actions of basic FGF by a novel 16 amino cid
peptide. Mol. Cell. Biochem., 1994, 130, 1-9.
Krsmanovic, V.; Biquard, J.M.; Sikorska-Walker, M.; Cosic, I.,
Desgranges, C.; Trabaud, M.A.; Whitfield, J.F.; Durkin, J.P.;
Achour, A.; Hearn, M.T.W. Investigation into the cross-reactivity
of rabbit antibodies raised against nonhomologous pairs of synthetic peptides derived from HIV-1 gp120 proteins. J. Peptide Res.,
1998, 52(5), 410-4120.
Gately, M.K.; Wolitzy, A.G.; Quinn, P.M.; Chizzonite, R. Regulation of human cytolytic lymphocyte responses by interleukin-12.
Cell. Immunol., 1992, 143:127.
Robertson, M.; Ritz, J. Interleukin 12: Basic biology and potential
applications in cancer treatment. Oncologists, 1996, 1, 88-97.
Brunda, M.J; Luistro, L. Antitumor and antimetastatic activity of
Interleukin 12 against murine tumors. J. Exp. Med., 1993, 178,
1223-1230.
Kozar, K.; Kaminski, R. Interleukin 12-based immunotherapy
improves the antitumor effectiveness of a low-dose 5-aza-2’deoxycitidine treatment in L1210 leukemia and B16F10 melanoma
models in mice. Clin. Cancer Res., 2003, 9, 3124–3133.
Den Otter, W.; Jacobs, J.J.L. Local therapy of cancer with free IL2. Cancer Immunol. Immunother., 2008, 57(7), 931–950.
Klebanoff, C.A.; Finkelstein, S.E.; Surman, D.R. IL-15 enhances
the in vivo antitumor activity of tumor-reactive CD8- T Cells. Proc.
Natt. Acad Sci. USA, 2004, 101(7), 1969–1974.
Takaki, R.; Hayakawa, Y. IL-21 Enhances Tumor Rejection
through a NKG2D-Dependent Mechanism1. J. Immunol., 2005,
175, 2167–2173.
Borden, E.C.; Sondel, P.M. Lymphokines and cytokines as cancer
treatment Immunotherapy realized. Cancer, 1990, 65(3 Suppl),
800-814.

