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Abstract—Some problems are considered which arise in biochemical studies on structure and function of natural oligopep-
tides consisting of 2-50 amino acid residues. The problems under consideration include the generation of oligopeptides from
precursors, chemical structure, the role of functionally important radicals and spatial configuration, and structure—function
relationships. Different types of regulation are shown mainly for oligopeptides involved in muscle contraction.
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Natural oligopeptides consisting of 2-50 amino acid
residues [1, 2] are found in virtually all living organisms.
Their functions are so diverse that it is difficult to point
out a vitally important process that occurs without their
involvement. These oligopeptides are generally called
regulatory, because the majority of them are involved in
regulation of physiological processes in all regulatory sys-
tems: nervous, endocrine, and immune [3]. Moreover,
their regulatory functions extend beyond the limits of a
separate organism or biological species. Thus, oligopep-
tide toxins of eukaryotes obviously play an important role
in the regulation of interspecies relationships, and
antimicrobial oligopeptides of prokaryotes regulate com-
petition in occupation of ecological niches and act as sig-
nal molecules in intercellular communications [4].

About 6000 natural oligopeptides are known that are
produced by natural ribosomal template synthesis [5].
This number has to be increased by addition of many nat-
ural structures produced in bacteria and fungi as a result
of non-ribosomal synthesis and which, as a rule, contain
nonstandard amino acid residues often indescribable by
the standard one-letter amino acid code. In particular,
more than 300 bacterial oligopeptides with a high content
of aminoisobutyric acid residue (peptaiboles) are already
known [6]. Such studies are reported in more than 20,000
publications per year, with descriptions of about 500 new
structures of this chemical class.

Most oligopeptides can be isolated and purified, and
their chemical structure can be directly determined. But
many amino acid sequences are also revealed using the
translation of the corresponding nucleotide sequences.

The standard strategy of studies on natural oligopep-
tides usually includes the determination of a functionally
important component, its purification, isolation, deter-
mination of chemical structure, synthesis, and verifica-
tion of functional properties of the substance. The spatial
structure of some oligopeptides can also be determined.
Thus, the variety of these natural substances is studied
with participation of biochemists, physiologists, physi-
cists, and many other specialists who have an interest in
problems of the structure and functions of oligopeptides.
Physicians and pharmacologists also pay increasing
attention to oligopeptides.

Study of the relationships between the structure and
function of natural compounds is one of central topics of
biochemistry and biophysics. We have discussed earlier
the biophysical aspects of regulation by oligopeptides [7],
in particular, the functionally significant size of oligopep-
tides has been considered, as well as difficulties arising in
attempts to classify them. The time of delivery of an
oligopeptide molecule to its receptor structure was also
calculated theoretically. But problems of regulation by
oligopeptides are not limited by this. Therefore, the pres-
ent work considers the unique chemical and structural
features of oligopeptide molecules that provide their
involvement in primary mechanisms of functional reac-
tions of a living organism.

In the following description of biochemical prob-
lems of regulation by oligopeptides, we have used data of
the EROP-Moscow (Endogenous Regulatory Oligo-
Peptides) [5] computer databank, which contains func-
tional and other characteristics of about 6000 natural
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oligopeptides mainly prepared by template synthesis.
Such a great number of known natural oligopeptides and
the problems associated with their investigation cannot be
described in a single article; therefore, we shall consider
the most urgent problems and the most typical examples.
In memory of B. E. Poglazov, who largely dedicated his
life to the problem of muscle contraction, we shall most
often focus our attention on myotropic oligopeptides.

BIOGENESIS

Oligopeptide regulation is started by production of
oligopeptides as they are. In general, the production of
oligopeptide molecules is characterized by some stages.
First, translation results in a pre-pro-peptide (Fig. 1) that
can contain several hundreds of amino acid residues.
Then a fragment pre- (signaling peptide) is detached
which is located on the N-terminal and usually consists of
15-30 amino acid residues. The remaining pro-peptide,
which is a precursor of oligopeptides, can include one
(Fig. 1a) and more (Fig. 1b) identical or different regions
often separated by dipeptide pairs (the flanking) contain-
ing lysine or arginine residues. The fragments resulting by
detachment of these pairs are oligopeptides. For example,
a precursor of the mollusk’s tetrapeptide FMRFamide
contains 28 identical copies of this oligopeptide [8],
whereas from a precursor of the mammalian oligopeptide
four molecules of met-enkephalin and one molecule of
leu-enkephalin are released [9]. However, the pre- and/or
pro-regions can be absent in prokaryotes. Then cither a
pro-peptide (Fig. 1¢) is produced, or the peptide chain is
a finished oligopeptide (Fig. 1d). Biogenesis of a pro-pep-
tide free of the pre-region is exemplified by generation of
bacteriocins piscicolin JG126 (Cronobacterium piscicola)
[10] and sakacin P (Lactobacillus sakei) [11]. The com-
plete coincidence of the peptide and precursor structures
is shown by generation of the ATP-binding peptide IceA
in the bacterium Lactococcus lactis [12] and entericidin B
isolated from Salmonella typhimurium [13].

However, this is not the end of oligopeptide produc-
tion. Many oligopeptides display a concurrent existence

a ‘ pre- ‘ pro- ‘ peptide ‘
b ‘ pre- ‘ pro- ‘ peptide ‘ ‘ peptide ‘ ‘ peptide ‘ | peptide ‘
c ‘ pro- ‘ peptide ‘
:

Fig. 1. Scheme of the structure of a natural oligopeptide precursor:
a) the general simplified image; b) precursor of several oligopep-
tides flanked by arginine/lysine residues (empty regions); c) pro-
peptide of prokaryotes; d) an oligopeptide precursor of prokary-
otes.
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Fig. 2. Pathways of angiotensin conversions. Enzymes involved in
the process are shown in italics.

in multiple forms produced as a result of enzymatic reac-
tions. The coexistence of a finished oligopeptide and var-
ious proteolytic enzymes leads to further degradation
resulting in still shorter fragments of the initial molecule.

The amino acid sequence of one of the first described
oligopeptides, angiotensin (earlier called hypertensin),
was deciphered, and in 1956 two structures were found
containing ten and eight amino acid residues which were
designated angiotensin I and II, respectively [14]. But at
least four forms of this oligopeptide, angiotensins I11-VI,
were found later [15]. Comprehensive studies have
revealed the pathways of enzymatic degradation of pre-
ceding structures, which result in these forms (Fig. 2),
and their concurrent existence has been confirmed.

Production of multiple oligopeptide forms was later
shown to be rather a common phenomenon, for example,
for somatostatin [16-18], atrial natriuretic peptide [19,
20], etc. Therefore, thousands of the known oligopeptides
probably also exist in multiple forms, but these forms are
not yet identified.

Note, that other types of multiple oligopeptide forms
are also widely distributed. The same organism can pres-
ent coexisting homologous oligopeptide structures with
identical functional properties. Their amino acid
sequences contain unit substitutions, however, and they
are encoded by different genes with different nucleotide
sequences and are produced independently, and not as a
result of posttranslational modification. Such are, for
example, three homologs of the peptide YY of sturgeon
[21]. Moreover, alternative splicing resulting in multiple
forms of mRNA can produce oligopeptides with similar
structure and functions, such as calcitonins [22] or
glucagons [23].
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CHEMICAL STRUCTURE

Comprehensive knowledge of the chemical structure
of an oligopeptide is based on determination of its amino
acid sequence, detection of modifications of its N- and
C-terminals, other posttranslational modifications, and
also of S—S and other internal chemical bonds between
distant amino acid residues, including the additional pep-
tide bond produced upon cyclization.

The direct determination of exact chemical structure
of oligopeptides is in many cases associated with great dif-
ficulties because their natural content often is only 1071
1072 M [24]. The location of oligopeptides in the cell is
also associated with problems. Therefore, highly sensitive
biochemical and immunohistochemical techniques are
used for analysis.

However, determination of the amino acid sequence
produced by translation from the corresponding nucleotide
sequence needs no highly precise analytical biochemical
methods. But many probable posttranslational modifica-
tions, which occur in about half of the known oligopep-
tides, remain unfound by this approach (Table 1).

The simplest modification (but not the commonest
one) is the binding of the N- and C-terminal amino acid
residues of an oligopeptide with a new peptide bond. This
results in the maximally possible macrocycle for the mol-
ecule. In this case, concepts of the N- and C-terminals
became meaningless, and if the primary structure of the
precursor is unknown, the problem arises of the starting-
point for reading the amino acid sequence.

Table 1. Chemical modifications of natural oligopeptides
(% of the total number of known oligopeptides)

Chemical feature Oligopeptides,
(%)
Production of S—S bonds ~30
Cyclization ~2.5
Amidation of the C-terminal ~40
Generation of pyroglutaminyl ~7
on the N-terminal
Other modifications of the N-terminal ~1
Sulfatation of tyrosyl (Y) ~2
Hydroxylation of prolyl (P) ~1.5
Phosphorylation of seryl (S) ~0.005
or threonyl (T)
Methylation, generation of D, §3, v, <0.001
and other forms of amino acid residues,
attachment of carbohydrates, lipids, etc.

ZAMYATNIN

About one third of known oligopeptides contains
cysteinyl pairs, i.e., disulfide bonds, and there can be six
such bonds in one oligopeptide. In the case of many S—S
bonds the structure presents several macrocycles and
appears to form a complicated knot, which freezes the
majority of degrees of freedom. Some cyclic oligopeptides
also have S—S bonds.

Amidation of the C-terminal is the commonest post-
translational modification in oligopeptides. This modifi-
cation is realized with involvement of different enzymes
[25] or non-enzymatically [26], and may be detected
without analytical biochemical techniques because usual-
ly amidation covers the amino acid residue X which is fol-
lowed by glycine (G), arginine (R), or lysine (K) residues
that results in the reaction:

—XG% — - — Xamide.

A little less often the N-terminal is modified: the lat-
eral radical in the glutamine residue (Q) on this terminal
is non-enzymatically locked on the N-terminal group,
with production of pyroglutaminyl [27, 28]:

~Ro-—>Q-—pyrQ-.

This modification occurs in the majority of N-termi-
nal glutamine residues; therefore, as a rule, no additional
biochemical analysis is needed to predict it after transla-
tion of the nucleotide sequence.

Altogether, ~100 natural chemical modifications of
amino acid residues are known in oligopeptides.

SPATIAL STRUCTURE

Oligopeptides, especially those without covalent
bonds between distant amino acid residues, have great
conformational mobility. The same molecule in a free
state can change its configuration with time. And in the
totality of similar molecules, each one can have varied
conformation at the same moment. This, in particular,
explains difficulties in attempts to crystallize oligopep-
tides [29] for X-ray diffraction analysis.

The possible conformational variety of the same
oligopeptide molecule is also shown by computerized
modeling with many programs providing minimization of
energy and optimization of the molecular configuration
[7, 30].

X-Ray diffraction analysis of enkephalins is an
example of experimental study on the spatial structure of
oligopeptides. Thus, four spatial shapes, from elongated
to packed, were found in crystals of the pentapeptide leu-
enkephalin [31]. Based on this finding, it was suggested
that this molecule, depending on its conformation, could
selectively bind to one or another subtype of opiate recep-
tor.
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Varied shapes of the same molecule were revealed by
NMR-spectroscopy for another opioid pentapeptide,
met-enkephalin [32]. Moreover, by the same method this
compound in solution was shown to exist as a dimer. But
it should be noted that during both X-ray diffraction
analysis and NMR-spectroscopy molecules of oligopep-
tides under study were under conditions very unlike those
that are specific for a living organism. Therefore, it is still
unlikely that we know all possible conformational states
of these and other oligopeptides which are important for
their regulatory functions.

Structures obtained either experimentally or by the-
oretical modeling fail to represent all specific features of
configuration of oligopeptide molecules under real con-
ditions. X-Ray diffraction analysis reveals only the con-
formations prepared by crystallization, and data of com-
puterized modeling strongly depend on the quality of pro-
grams, which use approximate estimates in calculations
for various types of intramolecular interactions in
oligopeptides. Therefore, most of these data cannot give a
reliable concept about molecular configurations, espe-
cially those taken by oligopeptides on interactions with
receptor structures.

FUNCTIONALLY IMPORTANT
CHEMICAL GROUPS

Considering the specificity of functional activity of
oligopeptides, it was supposed that amino acid composi-
tions of oligopeptide and protein molecules should be dif-
ferent [33, 34]. The average amino acid composition of
regulatory oligopeptides was compared with the total
composition of proteins [35-37], and for some functional
classes a rather noticeable difference was found. Some of
these classes were characterized by a significant number
of amino acid residues containing positively charged (K,
R) and cyclic (E, H, P, W, Y) radicals. The prevailing of
some of these residues, especially of positive ones, along
with a decreased content of negatively charged residues,
was the most pronounced in various antimicrobial
oligopeptides [38] and oligopeptide toxins [39]. Similar
specific features, although less pronounced, were also
found in neuropeptides [40] and the oligopeptide hor-
mones liberins and statins [41].

The existence of certain receptor structures (recep-
tors, ion channels, etc.) suggests a specific interaction
between an oligopeptide (e.g., a hormone or neuropep-
tide) and the corresponding target. The interaction can be
two-step [40]. At first, electrostatic interaction of positive
charges of the oligopeptide ligand with negative charges
of the receptor structure results in their nonspecific
approximation. Then an adequate conformational
rearrangement of the ligand occurs (the recognition)
which includes the adjustment of the elements involved in
the recognition of functionally important radicals using
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various weak interactions, e.g., by production of inter-
molecular hydrogen bonds, by stacking, and hydrophobic
interactions.

However, no such feature was found in oligopeptide
immunoregulators [42]. This is possibly because the
immune response involves many organs and specialized
cells, with a great variety of still insufficiently known
functional relationships between them. These relation-
ships are realized by both specific oligopeptide
immunoregulators and oligopeptides of other functional
classes, in particular, neuropeptides. This circumstance
prevents the elucidation of specific features of the totality
of oligopeptide regulators of the immune system. Such
specific features can probably exist, but they are not rec-
ognizable on the level of immune regulation as a whole,
although they can be revealed on the level of individual
binding of oligopeptides with the definite structures
involved in this regulation. This problem will be solvable
when a clear concept is proposed about structural organ-
ization of the whole immune system and of its separate
components including oligopeptides.

RELATIONSHIP OF STRUCTURE
AND FUNCTION

The concepts of “structure” and “function” are
widely used in studies of biologically active substances.
However, considering structural and functional properties
of oligopeptides, we conclude that these concepts are not
always accurately defined and are rather ambiguous.
Thus, the concept of structure more often concerns only
the chemical structure (the primary one), not paying
attention to the spatial structure. As to function, the def-
inition of this term meets significant difficulties, and a
generalized definition of function is absent in the relevant
dictionaries [43, 44]. The possible reason of this is that
specific and multiform activities, which underlie biologi-
cal functions, occur at different levels of organization,
from molecular to interspecies, and cannot be correctly
generalized.

Nevertheless, elucidation of the dependence of func-
tion on the structure of oligopeptide, which includes var-
ious testing of natural structures and also their synthetic
fragments and analogs, is the subject of the majority of
both in vivo and in vitro studies. However, in both cases
the functional reaction seems to start from a certain ele-
mentary interaction of an oligopeptide with a certain
available receptor structure. The biological function can
consist either of separate acts exemplified by in vitro tests
on contraction of muscle strips or many elementary
events for in vivo experiments. In the latter case, it is dif-
ficult to interpret in detail the mechanism of oligopeptide
effect.

Attempts have been made in many works to find the
region of an oligopeptide responsible for the functional
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reaction induced. For example, effects of various regions
of the bradykinin molecule on contraction of smooth
muscles of guinea pig ileum have been thoroughly stud-
ied. For this study, all 35 bradykinin fragments were syn-
thesized (Table 2) [45]. And these fragments were either
completely inactive, or their activities were insignificant
as compared to the initial bradykinin. Similar findings
were obtained also upon various replacements of individ-
ual amino acid residues [46]. Consequently, the whole
bradykinin molecule consisting of nine amino acid
residues determines the functional response.
Computer-aided studies result in the same conclu-
sion. To obtain it, one can isolate from the EROP-
Moscow oligopeptide databank structures of all known
bradykinins prepared from various living organisms and
perform the alignment procedure. The result (Fig. 3) sug-
gests that this bradykinin family should have a quasi-con-

Table 2. Primary structures and activities of bradykinin
(1-9) and all its possible fragments in the test of muscle
contraction of the guinea pig ileum [45]

Number Primary structure Relative
of residue activity, %
1-9 RPPGFSPFR 100.000
1-8 RPPGFSPF 0.000
2-9 PPGFSPFR 0.029
1-7 RPPGFSP 0.000
2-8 PPGFSPF 0.000
3-9 PGFSPFR 0.214
1-6 RPPGFS 0.000
2-7 PPGFSP 0.000
3-8 PGFSPF 0.000
4-9 GFSPFR 0.000
1-5 RPPGF 0.005
2-6 PPGFS 0.004
3-7 PGFSP 0.000
4-8 GFSPF 0.000
5-9 FSPFR 2915
1-4 RPPG 0.000
2-5 PPGF 0.001
3-6 PGFS 0.000
4-7 GFSP 0.000
5-8 FSPF 0.026
6-9 SPFR 0.014
1-3 RPP 0.000
2-4 PPG 0.000
3-5 PGF 0.001
4-6 GFS 0.000
5-7 FSP 0.000
6-8 SPF 0.003
7-9 PFR 0.004
1-2 RP 0.098
2-3 PP 0.000
3-4 PG 0.001
4-5 GF 0.001
5-6 FS 0.000
6-7 SP 0.002
7-8 PF 0.001
8-9 FR 0.016

ZAMYATNIN

servative region of nine amino acid residues, and this
region is essentially unchanged in different bradykinins,
in spite of the evolutionary remoteness of the organisms
from which these bradykinins have been isolated. The
natural elongation of the bradykinin chain virtually has
no effect on its activity. Note also, that the quasi-conser-
vative region of bradykinins includes amino acid residues
containing functionally important groups (positively
charged and cyclic radicals) that are virtually absent out-
side this region.

It seems that families of more homologous oligopep-
tides should be able to induce the same type of activity. In
most cases this really occurs. However, there are also
structurally homologous families of oligopeptides with
strongly different functional activities. In particular, such
are the endothelins (vasoconstrictor substances of mam-
mals) and the strongest toxins (sarafotoxins) of snake
venoms [47], which as a result of the alignment form the
same family. It may be that the structural homology of the
family resulted by the alignment concerns only the amino
acid residue sequence and not the spatial configuration
taken by the molecule on interaction with the receptor
structure.

And likeness of spatial structure elements seems to
underlie manifestations of the same activity by oligopep-
tides from different families. Thus, contraction of mus-
cles of the guinea pig ileum can be caused not only by
bradykinin, but also by neuropeptides, such as neu-
rotensin, angiotensin, or cholecystokinin 8 [7].

The continuous appearance of many new data on the
structure of oligopeptides and receptors allows us to
expect that mechanisms of their functioning will be soon
be found in detail, and this will permit detecting the most
effective structures of physiologically active substances
promising for medicine.

Obviously, the problems described do not exhaust all
challenges for biochemistry in the field of regulation by
oligopeptides. Studies on isolated systems seem to be the
most successful. However, in real living systems this regu-
lation is much more complicated, because they have con-
currently co-located not one ligand type and not one
receptor type [48]. And not only the oligopeptide under
consideration can exist in multiple conformations, more-
over, it is encircled by water molecules, inorganic ions,
and many other substances, including other oligopep-
tides, proteins, nucleotides, lipids, sugars. Besides, many
oligopeptides are polyfunctional (pluripotent), and they
may be considered as regulators of nervous, endocrine,
and immune systems and are responsible for sophisticat-
ed connections between these systems. Complicated reg-
ulations are also displayed by a number of known cascade
processes [49] when a single oligopeptide molecule pro-
vides for release of many other molecules, and this
process is repeated.

Thus, the solution of some problems of regulation by
oligopeptides is associated with a scrupulous taking into
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E00017 Bradykinin (mammalian, amphibian) +RPPGFSPFR-
E00023 Bradykinin 2 (bovine Bos taurus) +MKRPPGFSPFR-
E00018 Bradykinin 3 (bovine Bos tauris) +KRPPGFSPFR-
E00169 Bradykinin 4 (bovine Bos taurus) +SLMKRPPGFSPFR-
E03932 Bradykinin (horse Fguus caballus) +LKRPPGFSPFR-
E05338 Kinin E (human Homo sapiens) +SLMKRPPGFSPFRSST -
E00650 Bradykinin 1 (rat Ratfus norvegicus) +MISRPPGFSPFR-
E00979 Bradykinin 2 (rat Rattus norvegicus) +ISRPPGFSPFR-
E01816 Bradykinin 3 (rat Ratfus norvegicus) +MISRPPGFSPFRL -
E01817 Bradykinin 4 (rat Rattus norvegicus) +ISRPPGFSPFRI.—-
E00652 Ornithokinin (chicken Gallus gallus) +RPPGFTPLR-
E00078 Bradykinin (amphibian, reptilian) +RPPGFTPFR-
E00054 Ranakinin N (frogs) +RPPGFSPFRVLPLS -
E00298 Bradykinin (Korean pond frog Rana nigromaculata) +VPPGFTPFR-
E00049 Bradykinin (South American frog Phvilomedusa rhodei) +RPPGFSPFRIY -
E00228 Ranakinin R1 (Korean wrinkled frog Rana rugosa) +RPPGFTPFRILPEI V-
E00229 Ranakinin R2 (Korean wrinkled frog Rana rugosa) +RPPGFTPFRIZAPET -
E00230 Ranakinin R3 (Korean wrinkled frog Rana rugosa) +RPPGFTPFRIAPE -
E00120 Bombinakinin O (Asian oriental toad Bombina orientalis) +RPPGFSPFRGKFH-
E00048 gly-Bradykinin (wasps) +GRPPGFSPFR-
E00343 ala-Bradykinin (wasp) +LRPPGFSPFR-
E00047 Polisteskinin (wasp Polistes) JTNKKKLRGRPPGFSPFR-
E00143 Polisteskinin R (wasp Polistes rothneyi) +ARRPPGFTPFR-
E00472 Polisteskinin C (wasp Polistes chinensis) +SKRPPGFSPFR-
E00469 Polisteskinin J1 (paper wasp Polistes jadwigae) +RTRPPGFSPFR-
E00470 Polisteskinin J2 (paper wasp Polistes jadwigae) +RRRPPGFTPFR-
E00471 Polisteskinin I3 (paper wasp Polistes jadwigae) +RRRPPGFSPFR-
E00651 Bradykinin (solitary wasp Megascolia flavifrons) +RPPGFTPFREKA—
E00393 Vespakinin T (wasp Vespa tropica) +GRPPGFSPFRYV/ -
E00597 Vespakinin A (homet Vespa analis) +GRPPGFSPFRVT -
E00170 Vespakinin M (hornet Vespa mandarinia) +GRPPGFSPFRI -
E00191 Vespakinin X (Japanese homet Vespa xanihopiera) +ARPPGFSPFRI V-
E00167 Vespulakinin 1 (Eastern yellow jacket Vespula maculifrons) +TALTTRRRGRPPGFSPFR-
E00168 Vespulakinin 2 (Eastern yellow jacket Vespula maculifrons) +TTRREGRPPGFSPFR-
E00468 Vespulakinin L. (vellow jacket Paravespula lewisii) +TATTKRRGRPPGFSPFR-

Fig. 3. The structurally homologous family of bradykinins. The oligopeptide number in the EROP-Moscow databank, name, the source of
isolation, and the primary structure are presented. Names of oligopeptides and animals are given correspondingly to international nota-
tions. Amino acid residues are shown by one-letter abbreviations; J is the pyroglutaminyl residue, “plus” is the N-terminal and “minus” is
the C-terminal radicals. The quasi-conservative region is shown in bold.

account of mechanisms involved in functioning of the
pool of peptide and non-peptide endogenous substances,
i.e., these problems are of higher order and are waiting to
be solved.
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ing the results of computer-aided analysis.
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