ISSN 2079-0864, Biology Bulletin Reviews, 2013, Vol. 3, No. 6, pp. 451—455. © Pleiades Publishing, Ltd., 2013.
Original Russian Text © V.Kh. Khavinson, A.Yu. Solov’ev, S.1. Tarnovskaya, N.S. Lin’kova, 2013, published in Uspekhi Sovremennoi Biologii, 2013, Vol. 133, No. 3, pp. 310—316.

Mechanism of Biological Activity of Short Peptides: Cell Penetration
and Epigenetic Regulation of Gene Expression

V. Kh. Khavinson®?, A. Yu. Solov’ev®, S. I. Tarnovskaya’, and N. S. Lin’kova’
¢ Pavlov Institute of Physiology, Russian Academy of Sciences, St. Petersburg, Russia
b St. Petersburg Institute of Bioregulation and Gerontology, St. Petersburg, Russia
e-mail: miayy@yandex.ru

Abstract— Data on various aspects of the molecular and cellular mechanism of the biological activity of short
peptides used as potential drugs were analyzed. Based on the published data and our own results, a possible
mechanism of the penetration of short peptides into the cytoplasm and cell nucleus is considered. In addi-
tion, the possibility of the involvement of short peptides in the mechanisms of the epigenetic regulation of
gene expression via their complimentary interaction with promoter regions of genes in DNA is substantiated.
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INTRODUCTION

Short peptides that consist of no more than
20 amino acid residues with molecular weights less
than 3.5 kDa are signaling molecules involved in the
regulation of homeostasis at different levels of the
organization of living matter. I.P. Ashmarin identified
endogenous regulatory peptides as part of an “intricate
system of specialized signaling molecules and infor-
mation carriers between the cells of the body” (Ash-
marin, 2002).

The design of drugs based on short peptides, pep-
tide biotechnology, is a topical area of modern molec-
ular biology and pharmacology. The term “peptide
biotechnology” appeared more than 50 years ago, but
an active development of this trend has only been
observed in the last two decades. The first synthetic
peptide, oxytocin, was created by American biochem-
ist Vincent Du Vigneaud in 1953, for which he won the
Nobel Prize in chemistry in 1955 (Du Vigneaud et al.,
1953).

In Russia, the design of drugs based on short pep-
tides has been actively developed since the 1970s at the
Kirov Military Medical Academy and St. Petersburg
Institute of Bioregulation and Gerontology (Khavin-
son, 2001; Khavinson et al., 2005); Shemyakin—
Ovchinnikov Institute of Bioorganic Chemistry, Rus-
sian Academy of Sciences (Ivanov et al., 2005; Deigin
et al., 2007); Institute of Molecular Genetics, Russian
Academy of Sciences (Myasoedov et al., 2011); and
Zakusov Institute of Pharmacology (Ostrovskaya
et al., 2007).

Based on the results of long-term research, it was
concluded that the activity of short peptides is selec-
tive or tissue-specific (Khavinson, 2001; Anisimov
et al., 2010; Khavinson et al., 2012). Next, a model
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explaining the development of pathological processes
was proposed, according to which the key role is
played by disturbances in peptidergic regulation. The
correction of these disturbances by the additional
administration of short peptides into the body should
lead to the regression of the pathological process and
normalization of the disturbed functions. Thus, the
main advantages of the low-molecular-weight pep-
tides in comparison to the high-molecular-weight
protein regulators were established. The former
exhibit high biological activity and tissue specificity
and have no species specificity or immunogenicity
(Khavinson, 2001). The ability of endogenous pep-
tides to have prolonged effects suggests that at least
some of them can modulate gene activity, which may also
apply to the synthetic peptide compounds (Vanyushin,
2004; Khavinson et al., 2005).

Despite the high efficiency of drugs based on short
peptides, the mechanism of biological activity has long
remained controversial for a number of issues, such as
whether peptides can penetrate into the cell, and what
are the principles of their transmembrane transfer and
intracellular regulation of homeostasis? Only today,
due to the development of epigenetics and peptide
biotechnology, a scheme of the interaction of peptides
with the cell membrane and DNA that explain their
high biological activity can be proposed.

PENETRATION OF SHORT PEPTIDES
IN CYTOPLASM AND CELL NUCLEUS

At the end of the 20th century, it was found that
short peptides synthesized based on Tat protein (a
transcription activator of the human immunodefi-
ciency virus (HIV-1) genome) are able to penetrate
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Fig. 1. Scheme of penetration of short peptides into the
cytoplasm via pinocytosis and simple diffusion. Negatively
charged phosphatidylserine heads are shown in black, and
the positively charged phosphatidylcholine and phosphati-
dylethanolamine heads are shown in gray.
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Fig. 2. Schematic representation of nucleopore (according
to Alberts et al., 1994).

into cells (Frankel et al., 1988). These peptides were
created as transmembrane carriers for drugs, which
determined the appearance of the term “cell-pene-
trating peptides” (CPPs). This group includes the
peptides that transport proteins, nucleic acids, and
liposomes into the cell (Kyte et al., 1982; Morozov
et al., 1998; Lindgren et al., 2000).

Long-term observations have shown that the ability
to penetrate into the cell through the membrane is
characteristic primarily of alkaline peptides, the struc-
ture of which contains an excess of positively charged
amino acid residues. The advantage of these peptides
is that they can easily overcome the acid glycocalyx
layer, which adjoins the cell membrane (Frankel et al.,
1988; Futaki et al., 2003; Duchardt et al., 2007). It was
shown that synthetic alkaline and amphiphilic pep-
tides containing several lysine residues can not only
penetrate into cell, but also form complexes with
DNA and RNA, as well as that the binding of these
peptides to DNA strengthens its double strand (Kubo
et al., 2000). These oligopeptides also belong to the
CPP family because they are intended for performing
the transport function, i.e., the transfer of biologically
active substances through the cell membrane (Morris
et al., 2001; Martin et al., 2007; Ferrer-Miralles et al.,
2008). In addition to the carrier function, these pep-
tides are able to simultaneously condense DNA, block
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cell metabolism, and penetrate into the nucleus and
bind cell receptors.

The direct interaction of a peptide with the mem-
brane is determined by the electrostatic interaction of
the positively charged side groups of arginine and
lysine residues with the negative carboxyl groups of
phosphatidylserine exposed on the outer side of the
cytoplasmic membrane (Denisov et al., 1998). For the
negatively charged (carboxyl) side groups of peptides,
the binding sites are represented by positively charged
groups on phosphatidylcholine and phosphatidyletha-
nolamine. Thus, the main mechanism by which small
peptides penetrate across the cytoplasmic membrane
may be pinocytosis (Fig. 1).

An important experimental fact that confirms the
ability of short peptides to penetrate into the cell was
the finding that FITC-labeled di-, tri-, and tetrapep-
tides can penetrate not only into the cytoplasm, but
also into the nucleus and nucleolus of Hela cells.
Hela cells were incubated with FITC-labeled pep-
tides for 12 h (Fedoreeva et al., 2010). In the samples
of cell cultures treated with peptides, fluorescence was
detected in the cytoplasm, nucleus, and nucleolus in
the form of numerous small granules, whereas in the
control samples, the fluorescence was not detected
(Fedoreeva et al., 2010). The relative fluorescence
intensity of different labeled peptides in the nuclei of
HelLa cells varied. Fluorescence intensity was stronger
when the cells were incubated with FITC-labeled pep-
tides pinealon and epithalon and weaker after incuba-
tion with testagen. Consider the possible mechanism
of penetration of short peptides into the nucleus in
more detail. The nucleus of eukaryotic cells has a sys-
tem of transport pores (nucleopores) formed by pro-
tein complexes nucleoporins. The inner diameter of
nucleopores is about 50 nm; therefore, they are per-
meable to small, freely diffusing molecules with
molecular weights of less than 3.5 kDa (Fig. 2) (Ohno
et al., 1998).

Thus, the possibility of the penetration of short pep-
tides with the characteristics listed in the table (charge,
size, and hydrophobicity) through the cytoplasmic and
nuclear membrane is well substantiated. The transport
of substances is determined by the combination of their
steric and physicochemical properties.

The table shows that the sizes of the molecules dif-
fer only slightly and are considerably smaller than the
size of nucleopores. In the case of conventional passive
diffusion, less hydrophilic substances diffuse more
easily through the lipid bilayer and, at first glance,
bronchogen has an advantage. However, the relatively
high hydrophilicity (testagen, pancragen, chonluten)
is determined by the presence of lysine and arginine
residues, which are also amphiphilic moieties capable
of enhancing at least the preference of association of a
peptide with the membrane, if not its transport.
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Main characteristics of short peptides developed at St. Petersburg Institute of Bioregulation and Gerontology
No. Formula, name Indications for use Total Molecular ili}éir?lgg‘;bé?g,
charge weight, kDa 1982)
1 | Timogen (dipeptide) Immunomodulator —1 0.333 —4.4
(Morozov et al., 1998)
2 | Vilon (dipeptide) Stimulation of tissue regeneration 0 0.275 7.4
(Khavinson et al., 2000)
3 | Normophthal Regulation of the retina functions 0 0.275 7.4
(dipeptide) (Khavinson et al., 2002)
4 | Cartalax (tripeptide) Regulation of functions of joints -2 0.333 -5.2
(Khavinson et al., 2008a)
5 | Pinealon (tripeptide) Regulation of the brain functions —1 0.418 —11.5
(Khavinson et al., 2009)
6 | Chonluten (tripeptide) | Regulation of the respiratory system -2 0.319 —7.4
functions (Khavinson et al., 2008c)
7 | Vezugen (tripeptide) Regulation of vascular functions —1 0.391 —10.9
(Khavinson et al., 2010)
8 | Epithalon (tetrapeptide) | Regulation of the neuroendocrine -2 0.390 -5.6
system (Khavinson, 2004)
9 | Prostamax (tetrapeptide) | Regulation of the prostate —1 0.488 —12.5
functions (Khavinson et al., 2004)
10 | Livagen (tetrapeptide) Regulation of the liver functions —1 0.462 -9.1
(Khavinson, 2006)
11 | Cortagen (tetrapeptide) | Regulation of the brain functions -2 0.430 —6.8
(Khavinson et al., 2007)
12 | Pancragen (tetrapeptide) | Regulation of the pancreas 0 0.576 —11.8
functions (Khavinson et al., 2009a)
13 | Cardiogen (tetrapeptide) | Regulation of myocardial functions —1 0.490 -9.7
(Khavinson et al., 2008d)
14 | Testagen (tetrapeptide) | Regulation of testicular functions —1 0.448 —11.3
(Khavinson et al., 2008b)
15 | Bronchogen Regulation of bronchial functions -2 0.446 —1.4
(tetrapeptide) (Khavinson et al., 2009b)

POSSIBILITY OF PEPTIDE BINDING TO DNA
AND EPIGENETIC REGULATION OF GENE
TRANSCRIPTION WITH INVOLVEMENT
OF SHORT PEPTIDES

The obtained results allow us to consider the possi-
bility of a direct interaction of short regulatory pep-
tides with DNA. In recent years, molecular modeling
is becoming increasingly popular for analyzing nano-
structures, which include short peptides (Sokolova,
2012). We have proposed a molecular model of a com-
plementary interaction of peptides and DNA double
strand (Fig. 3).

The comparison of the spatial arrangement of
functional groups on the surface of a major groove of a
double-stranded DNA and the side groups of regula-
tory peptides showed that these polyampholytic struc-
tures are capable of multipoint interactions. Examples
of this are the models of selective binding of synthetic
oligopeptides vilon, livagen, and epithalon. In partic-
ular, peptide Ala-Glu-Asp-Gly can bind to a comple-
mentary site in DNA in the promoter gene region,
causing local separation of strands and thus initiating
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the process of gene transcription by RNA polymerase 11
(Khavinson et al., 2003a, 2003b).

It has been experimentally demonstrated that the
addition of tetrapeptide Ala-Glu-Asp-Gly into the
culture of human lung fibroblasts induces the expres-
sion of the telomerase gene, stimulates telomerase
activity, and promotes telomere elongation by a factor
of 2.4. The activation of gene expression is accompa-
nied by an increase in the number of cell divisions by
42.5%, which demonstrates that the Hayflick limit of
cell division is overcome (Khavinson et al., 2003b,
2004).

Thus, some endogenous short peptides can be con-
sidered as epigenetic factors that perform natural reg-
ulation of gene expression (Khavinson et al., 2012).

The existence of specific binding of peptides to sin-
gle-stranded oligonucleotides may be of particular
importance for the epigenetic mechanism of regula-
tion of gene expression (Fedoreeva et al., 2010). DNA
always (or temporarily) contains single-stranded
regions, which, in particular, appear during the repli-
cation, recombination, and repair of the genome.



454

(a) (b)

5'GGGAAATTCCTC3
3'CCCTTTAAGGAGYS

oﬁ ff

Ala—Glu—Asp—Gly

‘ O

Fig. 3. Molecular model of a complementary interaction
of the Ala-Glu-Asp-Gly peptide and the DNA double
helix: (a) peptide structure and DNA sequence to which
the peptide binds; (b) localization of the peptide in DNA
major groove.

These genetic processes can be directionally regulated
due to interaction of short peptides with such regions.
In addition, the binding of short peptides (e.g., tet-
rapeptide epithalon) to DNA is accompanied by a
local DNA unwinding of DNA strands, which may
lead to the appearance of single-stranded targets for
binding peptides to DNA. This is of special impor-
tance in the case of the possible combined action of
different peptides in the cell, when some peptides
function as inducers of single-stranded structures in
the genome, whereas others are the actual initiating
regulatory agents realizing the biological effect.

It was found that short peptides modulate the effect
of endonucleases (Fedoreeva et al., 2010). Apparently,
this is possible due to the site-specific peptide—DNA
binding, which protects DNA from enzymatic hydrol-
ysis. The modulation of the effect of endonucleases by
peptides is in turn modulated by histones (histone H1)
and, thus, histones of chromatin can definitely affect
the binding of short peptides to DNA in the cell
(nucleus). At the same time, some peptides (cardio-
gen) can apparently control the hydrolysis of DNA by
endonucleases at the level of the interaction of the
peptide with the enzyme.

Epigenetics postulates the tissue, subcellular, and
age specificity of DNA methylation and suggests that
the DNA methylation pattern in the cancer cells is dif-
ferent from that in the normal cells (Romanov et al.,
2007; Fedoreeva et al., 2011; Vanyushin et al., 2011).
Taking into account these facts, it can be assumed that
the same biologically active short peptide may differ-
ently bind to DNA depending on its methylation pat-
tern and will differently affect the gene function in var-
ious tissues (cells), in the nucleus and mitochondria,
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in young and old cells, and in both normal and malig-
nant cells.

The phenomenon of the modulation of the effect of
endonucleases by short peptides can be part of a global
biological law, i.e., peptides that bind to DNA in a site-
specific or complementary manner (particularly to the
regulatory sequences) should modulate the function of
nearly all or many specific proteins that interact with
DNA (RNA and DNA polymerases, DNA methyl-
transferases, DNA base repair enzymes, and many
regulatory proteins). According to one of the most
probable mechanisms of gene activation by short pep-
tides, peptides selectively bind to gene promoter
regions, making them inaccessible to DNA methyl-
transferases; as a result, the promoter remains unme-
thylated, which is the crucial element of activation of
the majority of genes.

Thus, specific (complementary) peptide—DNA
interactions can epigenetically control the genetic
functions of the cell. Apparently, this mechanism
played a major role at the early stages of the origin of
life and evolution.

The experimentally found possibility of penetra-
tion of short peptides into the cytoplasm, nucleus, and
nucleolus and their involvement in the mechanisms of
epigenetic regulation of gene expression provides an
explanation for their high biological activity and suc-
cessful application as therapeutic agents with a physi-
ologically adequate effect on cells.
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