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Abstract—Natural fragmentation of peptide and other chemical structures is well known. They are a significant object of
biochemical investigations. In this connection, the bases and determination are given for the notion of the “fragmentome”
as a set of all fragments of a single substance, as well as for global fragmentome of all chemical components of living organ-
isms. It is described how protein-peptide fragments are formed in nature, what experimental and theoretical methods are
used for their investigation, as well as mathematical characteristics of fragmentomes. Individual fragmentomes of all sub-
units and of complete casein fragmentome are considered in detail. Structural and functional variety of its possible frag-
ments was revealed by computer analysis. Formation in an organism of an exogenous—endogenous pool of oligopeptides and
correlation of these data with concepts of structure—functional continuum of regulatory molecules is shown on an example
of food protein fragments. Possible practical importance of the use of natural fragments in dietology, therapy, as well as in

sanitary hygiene and cosmetics is noted.
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Fragmentary structural organization is characteristic
of both the simplest and most complex biomolecules.
Low molecular weight fragments of biopolymers can be
easily seen on various metabolic maps [1]. There are
numerous examples showing that relatively small natural
physiologically active substances are fragments of larger
ones. An obvious example is B-carotene “composed” of
two vitamin A molecules [2].

The concept of fragment is most often used in con-
sideration of such polymeric molecules as proteins,
nucleic acids, and polysaccharides. Fragments of natural
polypeptides are mentioned most frequently. Thus, at
present the protein—peptide database Swiss-Prot/
TrEMBL (http://www.expasy.org/sprot/) contains infor-
mation concerning structure of almost one and a half mil-
lion fragments, and another database, PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/), gives informa-
tion about over 130,000 publications dealing with various
fragments (and less than 60,000 publications about
metabolites). However, functions of most of these frag-
ments are not known.

In recent years, a steady increase in the number of
publications dealing with protein fragment structure and
function has been seen. For some proteins there are

already hundreds of fragments that have been studied in
detail, and it seems that concepts concerning functional
importance of the totality of possible fragments of a sin-
gle protein will be formed. In this connection, we sug-
gested the term fragmentomics for the science studying
structure and functions of the set of molecular fragments,
and to call fragmentome the whole set of biomolecule
fragments [3]. For peptide structures, fragmentomics can
be considered as a notion that combines proteomics and
peptidomics.

In this work, main ideas of fragmentomics and prin-
ciples of their usage in studies of natural peptide struc-
tures are formulated.

NATURAL PEPTIDE FRAGMENTS

Fragmentation of peptide structures in living organ-
isms is well known. For example, fragments are molecules
formed in an organism from specialized precursors due to
splitting off of the signal peptide and pre-peptide(s). This
process is specific to large protein structures [4] and
oligopeptide regulators containing from 2 to ~50 amino
acid residues (a.a.) [5, 6]. A simple example of protein
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fragmentation is bovine serum albumin consisting of
583 a.a. [7]. Its precursor of 607 residues dissociates to
fragments: signal peptides (residues 1-18), pre-peptide
(19-24 a.a.), and properly serum albumin (25-607 a.a.)
[8]. In the case of regulatory oligopeptides, such as
human corticoliberin [9], its precursor (194 a.a.) includes
signal peptide (1-24 a.a.), pre-peptide (25-153 a.a.), and
hormone (154-194 a.a.) [10].

However, precursors often contain information
about more than one functionally important structure. A
typical representative of such polypeptides is pro-opio-
melanocortin (POMC). As follows from its name, it con-
tains different structures having also different functions of
nervous (opioids) and endocrine system regulators. The
human POMC precursor (Fig. 1) contains 267 a.a. [11],
and the signal peptide (1-26) is split off first. The remain-
ing sequence is POMC, which then dissociates into four
parts: aldosterone-stimulating peptide (27-102) [12]
including the y-melanotropin sequence (77-87) [13], a
peptide with unknown function (105-135) [14], ACTH
(138-176) [15] with a-melanotropin site (138-150) [15],
and B-lipotropin (179-267) [16] including y-lipotropin
(179-234) with B-melanotropin sequence (217-234) [17],
as well as -endorphin (237-267) [18] with y- [19] and a-
endorphin [20] sequences. Dipeptide regions 104-105,
136-137, and 177-178 are lysyl-arginyl (RK) pairs recog-
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nized by the precursor cleaving proteases and are cleaved
away [21]. In the given example the figure marking the
fragment beginning and end as in the Swiss-
Prot/TrEMBL database is given with accounting for the
signal peptide. However, the signal peptide is usually not
considered in numbering experimentally obtained pro-
tein—peptide fragments.

It should be noted that the first 5 a.a. of B-endorphin
are the met-enkephalin sequence [22], but this oligopep-
tide is not cleaved off the POMC structure and is formed
from its own specialized precursor [23]. This precursor is
organized according to the same above-described princi-
ples and contains sequences of one leu- and six met-
enkephalins. The presence of more than one copy of the
same oligopeptide is not rare and the number of them can
be quite high. Thus, the precursor of the mollusk Aplysia
californica neuropeptides contains 28 structures of
FMREF tetrapeptide and additionally one FLRF structure
[24]. Most of these oligopeptides are separated (flanked)
by lysyl-arginyl pairs with different combinations of such
amino acid residues.

After cleaving off from precursors, in many cases the
process of reduced structure formation is not complete.
For example, co-existence in oligopeptides of multiple
forms resulting from enzymic reactions leading to forma-
tion of shorter fragments was noted long ago. Thus, deci-
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MPRSCCSRSGALLLALLLQASMEVRGWCLESSQCQDLTTESNLLECIRACKPDLSAETPMFPGNGDEQPLTENPRKYVMGHFRWDRFGRRNSSSSGSSGAGQ

MPRSCCSRSGALLLALLLQASMEVRG
signal peptide

WCLESSQCQDLTTESNLLECIRACKPDLSAETPMFPGNGDEQPLTENPRKYVMGHFRWDRFGRRNSSSSGSSGAGQ
aldosterone-stimulating peptide

110 120 130
KREDVSAGEDCGPLPEGGPEPRSDGAKPGPREG

EDVSAGEDCGPLPEGGPEPRSDGAKPGPREG
unknown function peptide
140 150 160 170
KRSYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF

SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF

ACTH
SYSMEHFRWGKPV
o-melanotropin
180 190 200 210 220

230

YVMGHFRWDRF
y-melanotropin

240 250 260

KRELTGQRLREGDGPDGPADDGAGAQADLEHSLLVAAEKKDEGPYRMEHFRWGSPPKDKRYGGFMTSEKSQTPLVTLFKNATIIKNAYKKGE

ELTGQRLREGDGPDGPADDGAGAQADLEHSLLVAAEKKDEGPYRMEHFRWGSPPKDKRYGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE

y-lipotropin

ELTGQRLREGDGPDGPADDGAGAQADLEHSLLVAAEKKDEGPYRMEHFRWGSPPKD

B-lipotropin

DEGPYRMEHFRWGSPPKD
B-melanotropin

YGGFMTSEKSQTPLVTLFKNAITIKNAYKKGE
y-endorphin
YGGFMTSEKSQTPLVTL
B-endorphin

Fig. 1. Complete amino acid sequence of human pro-opiomelanocortin precursor (underlined) and primary structures of its natural fragments.
The POMC structure is shown in bold, while signal peptide and cleaved off lysyl-arginyl pairs (KR) are shown in usual type. The standard sin-
gle-letter code is used to designate amino acid residues. Other details are in the text.
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phering amino acid sequence of one of the first known
oligopeptides, angiotensin (formerly called hypertensin),
immediately revealed two structures of ten (1-10) and
eight (1-8) amino acid residues which were named
angiotensins I and II, respectively [25]. However, it was
shown later that in addition there are at least four shorter
natural forms of these oligopeptides, angiotensins I1I (2-
8), IV (2-10), V (3-8), and VI (4-8) [26]. Detailed inves-
tigations revealed enzymes involved in formation of the
latter, and it was shown that such structures could exist
simultaneously. It became clear later that oligopeptide
polymorphism is a common event, it has been found in
somatostatin [27-29], atrial natriuretic peptide [30, 31],
and many other oligopeptide regulators. Therefore,
among thousands of already discovered oligopeptides
there may be many characterized by polymorphism, but
so far their fragments are not identified.

Natural fragments of larger peptide molecules like
endorphins and enkephalins can retain their functions.
However, they can be devoid of the initial molecule func-
tion, exhibiting different functional properties. For exam-
ple, the N-terminal fragment (13 a.a.) of the above-men-
tioned bovine adrenocorticotropic hormone consisting of
39 residues has no cortisol-releasing function of ACTH,
but it exhibits activity of melanocyte-stimulating hor-
mone (c.-melanotropin) [32, 33].

Besides, evidence is accumulating showing that in
addition, in different organs and tissues of living organ-
isms there are peptide structures that are not formed from
specialized precursors, but are natural fragments of well-
known proteins. Numerous fragments of a.- and -hemo-
globin chains have been found in bovine brain [34-37]
and epiphysis [38], in casein of cow milk [39, 40], and in
other sources.

Thus, already many natural peptide fragments
formed during biogenesis are known, and their number
continues to grow.

METHODS OF FRAGMENT
AND FRAGMENTOME INVESTIGATION

There are several approaches to obtaining fragments
of peptide structures. The main experimental approaches
are analytical extraction, purification, and sequencing. A
powerful tool for protein and oligopeptide isolation is
two-dimensional electrophoresis [41, 42], while for pri-
mary structure determination it is mass-spectrometry
[43] when initial peptide structure is cleaved to fragments.
Use of these methods together has resulted in explosive
development of proteomics and peptidomics [44].

The method of artificial fragmentation is also wide-
spread; it is based on degradation of natural peptide struc-
tures (such as Edman chemical degradation [45, 46]).
The use of such approach revealed structures of translat-
ed peptide structures oxytocin [47], bovine [Arg-8]vaso-
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No. Fragment n Structure Activity, %
1. BK 9 RPPGFSPFR 100.000
2. BK(1-2) 2 RP 0.098
3. BK(23) 2 PP 0.000
4. BK34) 2 PG 0.001
5. BK@#-5) 2 GF 0.001
6. BK(5-6) 2 FS 0.000
7. BK(6-7) 2 SP 0.002
8. BK(7-8) 2 PF 0.001
9. BK(89) 2 FR 0.016

10. BK(1-3) 3 RPP 0.000

11. BK(2-4) 3 PPG 0.000

12.  BK(3-5) 3 PGF 0.001

13. BK@#-6) 3 GFS 0.000

14. BK(-7) 3 FSP 0.000

15. BK(6-8) 3 SPF 0.003

16. BK(7-9) 3 PFR 0.004

17. BK(1-4) 4 RPPG 0.000

18. BK(2-5) 4 PPGF 0.001

19. BK(3-6) 4 PGFS 0.000

20. BK@4-7) 4 GFSP 0.000

21. BK(5-8) 4 FSPF 0.026

22. BK(6-9) 4 SPFR 0.014

23. BK(1-5) 5 RPPGF 0.005

24, BK(2-6) 5 PPGFS 0.004

25. BK@3-7) 5 PGFSP 0.000

26. BK@4-8) 5 GFSPF 0.000

27. BK(59) 5 FSPFR 2.915

28. BK(1-6) 6 RPPGFS 0.000

29. BK(2-7) 6 PPGFSP 0.000

30. BK(3-8) 6 PPGFSPF 0.000

31. BK#9) 6 GFSPFR 0.000

32. BK(1-7) 7 RPPGFSP 0.000

33. BK(2-8) 7 PPGFSPF 0.000

34. BK@3-9) 7 PGFSPFR 0.214

35. BK(1-8) 8 RPPGFSPF 0.000

36. BK(22-9) 8 PPGFSPFR 0.029

Fig. 2. Results of bradykinin (BK) fragment syntheses and study of
their effects on contraction of guinea pig ileum smooth muscle
strips (GPI-test) [S1] (n is the number of amino acid residues).

pressin and porcine [Lys-8]vasopressin [48], as well as of
bovine insulin [49]. However, in such methods the result-
ing fragments are used only for further detection of pri-
mary structure of the studied substances, while their
functional properties are usually not studied.

Functional properties of fragments are often studied
for detection of a minimal site retaining physiological
activity specific of the initial structure. For this purpose,
chemical synthesis of different fragments of the same
peptide structure is used. For example, many fragments of
a-melanotropin [50] and bradykinin [51] have been syn-
thesized. Moreover, in the case of bradykinin actually the
whole fragmentome was synthesized (Fig. 2). After syn-
thesis, all of its fragments were studied in a standard test
for ability to contract a strip of guinea pig ileum smooth
muscle. It was shown that just a single fragment (5-9)
exhibited any noticeable activity compared to the com-
plete bradykinin molecule.

It should be noted that chemical synthesis is widely
used for creation of numerous chemical analogs of natu-
ral oligopeptides to search for structures more active than
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the natural ones. For example, almost 200 bradykinin
analogs have synthesized [52].

Fragments are also used in different theoretical
analyses, in particular, in detection of protein homologs
[53-55]. For this purpose computer programs are created
which can generate fragments of one compared structure
and to reveal homology by their scanning along the amino
acid sequence of another. The use of specially developed
computer programs allows comparison of peptide frag-
ments of a certain origin, such as bovine hemoglobin,
with structures of known oligopeptides obtained from dif-
ferent sources [3, 56]. This method is used to reveal pro-
tein regions identical or homologous to a regulatory
oligopeptide with known functions. Fragments are gener-
ated using these programs in the succession shown in Fig.
2, from dipeptide to the largest peptides. Theoretical
analysis of experimental data can reveal new information
about structure—functional properties of still unstudied
fragments of natural peptide structures.

MATHEMATICAL PRINCIPLES
OF FRAGMENTOMICS

Only linear peptide structures are always formed first
during translation. Later they can establish intramolecu-
lar S—S bonds, transforming them into nonlinear mole-
cules. However, disulfide bonds are absent from practical-
ly all experimentally detected fragments of larger struc-
tures; therefore, at this stage it is possible consider only
the simplest mathematical analysis of linear fragments.

It is apparent that the number of possible natural
peptide structures P composed of different amino acid
residues and including amino acid repeats is described by
formula:

P=4" (1)

where A is the number of different amino acid residues,
and # is the number of residues in the structure. Since the
number of canonical translated residues is 20, then
according to formula (1) the maximal number of different
dipeptides is 400, tripeptides 8000, tetrapeptides 160,000,
and so on. Thus, as the length of peptide structure
increases, the number of possible combinations between
residues quickly grows. However, it follows from the same
formula that in the case of usage by nature of all possible
combinations, in the whole human genome (~3-10° bases
[57]) all different structures containing no more than
eight residues could be described because 20% = ~3-10'°.
However, since the translated part makes up only several
percent of the whole genome, different amino acid com-
binations should be even shorter. Analysis of all known
natural peptide structures has shown that as their length
increases, the fraction of existing combinations of all pos-
sible quickly decreases, and for octapeptides it makes up
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only 0.0016% [58]. Obviously, in structures translated
from a single genome the number of such combinations
will be even lower.

The theoretically possible maximal number of all
(including identical) overlapped fragments of peptide
structure N with assigned number of amino acid

residues k is described by the expression [3]:
Nt =n — (k= 1), (2)

and maximal total number of all possible overlapping
peptide fragments of the protein (also including identical)
for all k, i.e. from k = 2 (dipeptides) to k =n — 1, can be
obtained using the following expression:

k-1
[ theor Z—”(”_l) -1 3)
2

sum= 2

These formulas characterize the upper level of calcu-
lated values. In particular, as follows from formula (2), a
hypothetical sequence containing one of each dipeptide
fragment combinations should consist of 401 a.a., while
according to formula (3) the total number of all possible
overlapped fragments in this sequence will be 80,199
items.

We have used formula (3) to calculate values of the-
oretically possible fragments V" for a number of differ-
ent natural oligopeptides and proteins (Table 1).
However, results of calculations using these formulas are
valid only in the case of lack of repetition of the primary
structure of the fragment in the initial molecule. Primary
structures of pentapeptide met-enkephalin (YGGFM)
[22] and nonapeptide bradykinin (RPPGFSPFR) [59]
meet these requirements. However, for example, in
ACTH structure [15] there are two copies of dipeptide
fragment GK, while in a.- and B-hemoglobins [60] there
are multiple fragment repeats. The existence of repetitive
fragments is possible even in natural pentapeptides as is
seen in primary structure of one of the cricket hormones
(AAAPF) [61] in which the dipeptide fragment AA is
repeated twice. As the number of amino acid residues in
the initial structure of larger molecules increases, repeti-

Table 1. Maximal possible number of N fragments in
a number of natural oligopeptides and proteins without
considering repeats

No. Oligopeptide/Protein n* | Nheor
1 Enkephalin (several biological types) 5 9
2 | Bradykinin (mammals) 9 35
3 | ACTH (human) 39| 740
4 | Hemoglobin a-chain (human) 141 | 9869
5 | Hemoglobin -chain (human) 146 (10584

* pn is the number of amino acid residues in complete structure.
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tive amino acid sequences become more and more fre-
quent, and this results in lowering of the real number of
different fragments below the N and NMr values.
Therefore formulas (2) and (3) are not applicable to cal-
culation of the real characteristics of the protein frag-
mentome, which can be designated as N and NP,
Thus, the number of different fragments NS for

each k should be lower than N, for some value R,, i.e.
NE® = Neor — R, “

In this case, even the equal length fragments (i.e. at the
same k value) can have different amino acid sequence.
Owing to this, it is necessary to introduce additional val-
ues i (the number of identical structures at one k) and m
(the number of different structures also at one k) in order
to calculate R,. Then summing up by m will give:

R =) (i-D), (%)
1

i.e. the number of different equal-length fragments of all
k values is:

k-1

NP = N - Z{Z(i - l)} (©)
2 1

or in complete form:

Nom = {;M"T_l) —l]— Z_]{i(i —l)}. (7)

2

In extended peptide structures, the variety of amino
acid sequences in repetitive overlapping fragments with
the same k value is practically always observed. Therefore,
formulas (6) and (7) should be used to calculate real con-
tent of different fragments. In these expressions first sum-
ming the repetitive fragments with equal number and
identical sequences of amino acid residues takes place
(summing up by m at the same k), and then summing is
carried out for all &, i.e. for any length fragments having
identical and different amino acid sequences. The final
result, i.e. determination of the value of NoF, is obtained
after subtraction of the double summing result from
Neor value produced by formula (3). It is reasonable to
carry out these cumbersome calculations using a special
computer structural and functional analysis of natural
peptide structure, examples of which are given below.

As follows from data of the oligopeptide database
EROP-Moscow (http://erop.inbi.ras.ru/) [62], at present
the highest number of fragments was experimentally
revealed and functionally characterized in bovine hemo-
globin (62 fragments) and casein (72 fragments). We
described previously structure—functional analysis of
hemoglobin fragments [3, 63]; therefore, in this work
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other peptide structures are chosen for description of
fragmentome properties.

STRUCTURAL CHARACTERISTICS
OF A FRAGMENTOME

We shall consider the bovine casein fragmentome as
an example. This protein (Fig. 3) consists of four sub-
units: a-sl [64], a-s2 [65], B [65], and «k [64], containing
from 169 to 209 a.a. (without signal peptides). The struc-
ture of each subunit precursor includes signal peptide and
the protein amino acid sequence proper. Amino acid
composition of a-2s and k subunits includes all 20 stan-
dard amino acid residues, while no cysteine residue is
present in subunits a-sl and B.

Computer fragmentation of all subunits and analysis
of so obtained fragments have shown that many small
fragments are repeated both in a separate and in different
casein subunits. Tens of different fragments were repeat-
ed. Most frequent (i = 13) were the shortest (dipeptide)
EE fragments in three subunits a-sl, a-s2, and . Next by
frequency were fragments PF (one in a-s1 subunit and six
in B subunit), QS (six in subunit B) as well as PT (one in
a-s2, one in B, and four in k-subunits). The largest repet-
itive structures were heptapeptide fragments SSSEESI
that are present twice in 3 subunit.

Table 2 shows the results of computer analysis of real
content of dipeptide and all fragments compared to cor-
responding values obtained using formulas (2) and (3) for
fragmentomes of separate subunits and for the complete
casein fragmentome. In both cases, real values were below
the calculated ones due to the presence of repeated struc-
ture. Thus, in the a-sl subunit the number of different
repetitive dipeptide fragments (with the number of
repeats from 1 to 4) was equal to 64 just due to which
Nieor and N§* are equal to 198 and 134, respectively. It
should also be noted that values characterizing the com-
plete casein fragmentome are not the sum of real values
for subunits, because structure recurrence appears not
only within subunits, but in different subunits as well.
Taking this into consideration in the case of different
dipeptide fragments of the complete casein fragmentome,

Table 2. Comparison of real number of different dipep-
tide (k = 2) fragments N;*® and all (at all k) N frag-
ments with N and N " respectively, in bovine casein

No.| Casein (bovine) n* Nz‘he‘" N;*® Nsﬂ}ff’r NP
1 |oa-sl-subunit 199 | 198 134 | 19700 |19621
2 |o-s2-subunit 207 | 206 131 | 21320 |21216
3 | B-subunit 209 | 208 124 | 21735 |21641
4 | k-subunit 169 | 168 118 | 14195 | 14138
5 |a-sl+o-s2+B+k| 784 | 780 | 266 | 76950 |76304

* Number of amino acid residues in complete structure.
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a-s1-Casein precursor (214)
MKLLILTCLVAVALARPKHPIKHQGLPQEVLNENLLRFFVAPFPEVFGKEKVNELSKDIG
SESTEDQAMEDIKQOMEAESISSSEEIVPNSVEQKHIQKEDVPSERYLGYLEQLLRLKKYK
VPQLEIVPNSAEERLHSMKEGIHAQQKEPMIGVNQELAYFYPELFRQFYQLDAYPSGAWY
YVPLGTQYTDAPSEFSDIPNPIGSENSEKTTMPLW

a-s2-Casein precursor (222)
MKFFIFTCLLAVALAKNTMEHVSSSEESIISQETYKQEKNMAINPSKENLCSTFCKEVVR
NANEEEYSIGSSSEESAEVATEEVKITVDDKHYQKALNEINQFYQKFPQYLQYLYQGPIV
LNPWDQVKRNAVPITPTLNREQLSTSEENSKKTVDMESTEVFTKKTKLTEEEKNRLNFLK
KISQRYQKFALPQYLKTVYQHQKAMKPWIQPKTKVIPYVRYL

[-Casein precursor (224)

MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDEL
QDKIHPFAQTQSLVYPFPGPIPNSLPONIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAPK
HKEMPFPKYPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSVLSL
SQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPIIV

k-Casein precursor (190)

MMKSFFLVVTILALTLPFLGAQEQNQEQPIRCEKDERFFSDKIAKYTIPIQYVLSRYPSYG
LNYYQQKPVALINNQFLPYPYYAKPAAVRSPAQILQWQVLSNTVPAKSCQAQPTTMARHP
HPHLSFMAIPPKKNQDKTEIPTINTIASGEPTSTPTTEAVESTVATLEDSPEVIESPPEI

NTVQVTSTAV

Fig. 3. Amino acid sequences of precursors of bovine casein subunits. Total number of amino acid residues is given after the subunit name.
Signal peptides are shown in italics and are underlined. Some repeated structures are shown in bold (explanations are in the text).

N3 was almost two times lower than the sum of N;*°
obtained for all subunits (266 instead of 507).

Length distribution of casein fragments is shown in
Fig. 4 as a graph of all initial regions of the fragmentome
of four subunits (in equal scale) and of the complete
casein fragmentome. It is seen how real and theoretical
values of the fragment number correlate with each other
and at which fragment length (k) the N"*°" and N&® val-
ues become identical. It is also seen that dimensions of
repetitive fragments of the considered protein are rela-
tively low.

However, there are natural peptide structures com-
posed of a few different amino acid residues, due to which
their repeating fragments can be significantly longer. An
example of this are highly homologous antimicrobial
oligopeptides Shepherins from roots of officinal plant
Shepherd’s purse Capsella bursa-pastoris [66], formed by
only three and four different amino acid residues and only
of 28 and 38 residues in length:

Shepherin| GY GGHGGH GGHGGHGGH GGHGHGGGGHG

Shepherin || GYHGGHGGHGGGYNGGGGHGGHGGGYNGGGHHGGGGHG

Their relatively small fragmentome can be shown
completely. As follows from graphs shown in the same
scale in Fig. 5, already a significant part of possible frag-

ments in these oligopeptides are repetitive. The
NP/ Nt ratio for Shepherin 1 is 243/377, i.e. 64.4% and
for Shepherin II it is 569/702 (81.1%). Besides, attention
should be given to the fact that the number of different
fragments is constant at some region of amino acid residue
scale (k). This is due to existence in oligopeptide struc-
tures of extended regions (underlined) containing regular
consecutive repeats of the same amino acid residue com-
binations (GGH, GHG, and HGG). Thus, such graphic
representation makes it possible to carry out obvious visu-
alization of the fragmentome structural peculiarities and
reveal the regularly repeating fragments.

FUNCTIONAL CHARACTERISTICS
OF FRAGMENTOME

It can be supposed that the variety of fragmentome
structures is the basis for variety of the fragment functions.
In the case of casein, this can be seen in Fig. 6 showing
structures of its 60 fragments obtained experimentally by
different researchers and included in the EROP-Moscow
database together with functional characteristics. Some of
these fragments can be considered as natural because they
were isolated either from a cow’s body or from her milk.
However, in most cases fragments were obtained by artifi-
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a-s1-Casein + «-s2-Casein + B-Casein + k-Casein
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|
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Fig. 4. Graphic representation of fragmentomes of different bovine casein subunits and its complete protein molecule. Theoretical values of
N are shown in gray, experimental NP are in black. In addition to peptide structures, data on “monopeptides” are also shown (k = 1).

cial proteolysis. Certainly, these fragments comprise just a
small part of the casein fragmentome (~0.1%) but a high
variety is also observed in their functions. Most of these
fragments are enzyme inhibitors (angiotensin-converting
enzyme inhibitor and cathepsin). The most representative
are fragments of B-subunit. A special group of four frag-
ments formed of this subunit region (60-70) was named
casomorphins according to their opioid activity [67-69].
In the same subunit, the function of enzyme inhibitors was
detected in four fragments of the region 43-66 (see data-
base EROP-Moscow under identification numbers shown
in the figure).
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These data can be supplemented with results of
investigations of a number of synthetic casein fragments.
As shown in Fig. 7, all 12 synthesized fragments repre-
senting the 48-61 region of P-subunit have enzyme
inhibitor function (Fig. 7) [70], like the experimentally
obtained fragments 47-52 and 58-65 belonging to the
same region of the same subunit (Fig. 6). In addition to
the above-mentioned functions, fragments of different
casein subunits exhibit antimicrobial activity, properties
of hormones and other important peptide regulators,
and more than one type of activity were registered for
some.
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Fig. 5. Graphic representation of fragmentomes of natural antimicrobial oligopeptides Shepherins I and I1.

E07452 a-s1-CN(1-9) h* AM IKHQGLPQE

E07453 o-s1-CN(15-22) h AM VLNENLLR

E07424 a-s1-CN(23-27) h EI FFVAP

E01836 a-s1-CN(23-34) h EI FFVAPFPEVFGK

E07439 o-s1-CN(43-58) h SPI DIGSESTEDQAMEDIK

E07438 a-s1-CN(80-90) h NP HIQKEDVPSER

E00398 a-s1-CN(90-95)  b* NP RYLGYL

E00397 a-s1-CN(90-096) h NP RYLGYLE

E07441 «-s1-CN(143-148) h EI AYFYPE

B07442 a-s1-CN(170-199) h EI QTQYTDAPSFSDIPNPIGSENSEKTTMPLW
E07454 oa-s1-CN(180-193) h AM SDIPNPIGSENSEK
E07426 a-s1-CN(194-199) h EI, IM TTMPLW

E07427 a-s2-CN(25-32) h EI NMAINPSK

E07428 -s2-CN(81-89) h EI ALNEINQFY

E07429 a-s2-CN(81-91) h EI ALNEINQFYQK

E07430 a-s2-CN(92-98) h EI FPQYLQY

E04001 a-s2-CN(150-188) h AM KTKLTEEEKNRLNFLKKISQRYQKFALPQYLKTVYQHQK
E07157 a-s2-CN(164-179) h AM LKKISQRYQKFALPQY
E07431 a-s2-CN(174-179) h EI FALPQY
E07432 «-s2-CN(182-184) h EI VY
E07158 a-s2-CN(183-207) h AM VYQHQKAMKPWIQPKTKVIPYVRYL
E01032 B-CN(1-25) h SPI RELEELNVPGEIVESLSSSEESITR
E07413 B-CN(6-14) h EI LNVPGEIVE

E07417 B-CN(7-14) h EI NVPGEIVE

E07408 B-CN(26-30) h HM,NP INKKI

B07450 B-CN(43-69) h EI DELQDKIHPFAQTQSLVYPFPGPIPNS
E07418 B-CN(47-52) h EILPTI DKIHPF

E07434 B-CN(58-65) h EI LVYPFPGP

B07433 B-CN(58-76) h EI LVYPFPGPIPNSLPQNIPP

E00302 PB-CN(60-63) m* NP YPFP

E00234 B-CN(60-64) m NP YPFPG

E00233 B-CN(60-66) h EL NP, IM YPFPGPI

E00610 B-CN(60-70) h NP YPFPGPIPNSL

E02217 B-CN(61-66) m PI PFPGPI

E07448 B-CN(70-97) h EI LPQNIPPLTQTPVVVPPFLQPEVMGVSK
E07414 B-CN(73-82) h EI NIPPLTQTPV

E07046 B-CN(74-76) s EI IPP

E07415 B-CN(74-82) h EI IPPLTQTPV

E07416 B-CN(75-82) h EI PPLTQTPV

E07045 B-CN(84-86) s* El vep

E07409 PB-CN(98-105)  h NP VKEAMAPK

E07412 B-CN(108-113) h EI EMPFPK

E07443 B-CN(113-127) h EI KYPVEPFTESQSLTL

E07411 B-CN(114-121) h EI NP YPVEPFTE

E07445 B-CN(158-175) h EI PPQSVLSLSQSKVLPVPQ

E07444 B-CN(168-175) h EI SKVLPVPQ

E07407 B-CN(169-175) h NP KVLPVPQ

E07425 PB-CN(177-183) h EI AVPYPQR

E07446 B-CN(183-190) h EI RDMPIQAF

E01884 PB-CN(191-193) h ™M LLY

E07449 B-CN(191-209) h EI LLYQEPVLGPVRGPFPIIV

E07451 B-CN(193-198) h EI YQEPVL

E07447 B-CN(193-209) h EI YQEPVLGPVRGPFPIIV

E02218 B-CN(203-207) m PI GPFPI

E02135 «-CN(25-34) h NP YIPIQYVLSR

E07437 x-CN(33-38) h NP SRYPSY

E07422 «-CN(35-41) h NP YPSYGLN

B07423 -CN(58-61) h NP YPYY

E07440 «-CN(106-116) h CAI MAIPPKKNQDK

E07160 x-CN(138-158) h AM AVESTVATLEDSPEVIESPPE
E07421 k-CN(155-160) h EI SPPEIN

* —h — hydrolysate, b — blood plasma, m — milk, s — sour milk

Fig. 6. Experimentally obtained casein (CN) fragments.
Identification numbers from EROP-Moscow database are given
consecutively, including numbers of the first and last residue in the
subunit (without regard for the signal peptide), sources, function-
al properties, and primary structures. The following abbreviations
are used for functional properties: AM, antimicrobial; CAI, cell
aggregation inhibitor; EI, enzyme inhibitor; HM, hormone; IM,
immunomodulator; NP, neuropeptide; PI, protein inhibitor; PTI,
protein transport inhibitor; SPI, salt precipitation inhibitor.

No. Fragment Primary structure 1Cyp, UM
1. B-CN(48-61) KIHPFAQTQSLVYP 39
2. B-CN(49-61) IHPFAQTQSLVYP 19
3. B-CN(50-61) HPFAQTQSLVYP 26
4. B-CN(51-61) PFAQTQSLVYP nd*
5. B-CN(52-61) FAQTQSLVYP 25
6. B-CN(53-61) AQTQSLVYP 76
7. B-CN(54-61) QTQSLVYP 73
8. B-CN(55-61) TQSLVYP 64
9. PB-CN(56-61) QSLVYP 41

10. B-CN(57-61) SLVYP 40

11. B-CN(58-61) LVYP 170

12. B-CN(59-61) VYP 44

Fig. 7. Angiotensin-converting enzyme inhibition by artificially
synthesized bovine B-casein (B-CN) fragments. nd*, fragment 4 is
insoluble at concentrations above 1 uM [70].

Computer analysis allows detection of functional
properties in different fragments. We have performed com-
puter comparison of all casein fragments with all known
functionally characterized oligopeptides included in
EROP-Moscow database. It appeared that (Fig. 8) 22 dif-
ferent dipeptide and 12 tripeptide casein fragments were
fully identical to natural non-casein oligopeptides
obtained from different kingdoms of living organisms (ani-
mals, plants, bacteria, and fungi). In total, they present 77
regions in all casein subunits and many of them are beyond
the limits of amino acid sequences of experimentally
obtained structures (Fig. 6). Spectrum of their functions is
also diverse. Comparison of data shown in Figs. 6 and 8 in
some cases confirms retention of functional properties
after fragment shortening. Thus, fragment 31-32 (VF) of
a-sl subunit (Fig. 8) obtained from muscle of Sardinops
melanostictus | 71], is a part of fragment 23-34 of the same
casein subunit (Fig. 6) and both exhibit function of enzyme
inhibitor. However, fragment subdivision is accompanied
by alteration of functional properties both in the case of
fragment 34-35 (RY) of k-subunit (Fig. 8) obtained from
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Frag-
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Natural regulatory EROP No.
oligopeptide
Hormone TRH* [2-3] (pig) E00244
Hypothalamic hormone IV (pig) E00285
Neuropeptide (rat) E00596
Enzyme inhibitor 1 (sardine) E01331
Enzyme inhibitor 3 (sardine) EO01333
Enzyme inhibitor 4 (sardine) E01334
Enzyme inhibitor 6 (sardine) E01336
Enzyme inhibitor 7 (sardine) E01337
Transporter (ground squirrel) E01599
Neuropeptide bradykinin [6-7] (bovine) E01800
Neuropeptide bradykinin [8-9] (bovine) E01801
Enzyme inhibitor 2 (soybean) EO01831
Memory regulator (rat) E02533
Hormone, transporter 6 (human) E02539
Enzyme inhibitor (P. carneus) E03322
Enzyme inhibitor 1 (wheat) E04068
Enzyme inhibitor 4 (wheat) E04069
Enzyme inhibitor 1 (buckwheat) E04097
Enzyme inhibitor 3 (buckwheat) E04098
Enzyme inhibitor 6 (buckwheat) E04099
Enzyme inhibitor SA [213-214] (human) E04540
Antifungal peptide (L. plantarum) E04808
Transporter DtpT 1 (L. monocytogenes) E06287
Enzyme inhibitor 8 (buckwheat) E04101
Hormone 5 (human) E02538
Enzyme inhibitor (edible mushroom) E05453
Hormone Gonadin Q (rat) E06239
Enzyme inhibitor 3 (oriental sesame) E06530
Enzyme inhibitor 4 (sesame) E06531
Antihypertensive peptide (pig) E07050
Antihypertensive peptide (chlorella)  E07051
Antihypertensive peptide (chlorella)  E07052

Hormone TRH-related peptide (human) E00823
Enzyme inhibitor 5 (jararaca) E01003

ment a-s1-CN o-s2-CN B-CN k-CN
HP 45 50-51 98-99,
100-101
YF 144-145
DE 43-44 14-15
VF 31-32 146-147
MF 156-157
RY 90-91 170-171, 205-206 34-35
LY 99-100 192-193
YL 91-92, 95-96,98-99,
94-95  179-180, 206-207
AL 81-82, 49-50
175-176
sp 69-70,
149-150,
155-156
FR 150-151
LF  149-150
PG 9-10, 63-64
LP 11-12 177-178 70-71, 56-57
135136,
137-138,
151-152,
171-172,
LV 58-59
TF 38-39
AF 189-190
VK 69-170, 98-99
112-113
AY  143-144,
158-159
YQ  154-155 78-79, 89-90, 193-194 43-44
100-101,
171-172,
184-185
AW  163-164
FP 28-29 92-93 62-63,
111-112,
157-158,
205-206
LA 142-143
PSY 36-38
GLP 10-12
GEP 128-130
EQP 6-9
LVY 58-60
LQP 88-90
PPK 109-111
AFL 189-191
FAL 174-176
QEP 194-196
QQK 130-132 44-46
Sum: 17 23 21 15

* TRH, thyroliberin.

34 34

Fig. 8. Bovine casein (CN) fragments, structurally identical to functionally characterized natural oligopeptides obtained from different living

organisms.

the same sardines [72] and of fragment 33-38 (Fig. 6) of
the same casein subunit, for which functions of enzyme
inhibitor and neuropeptide were found, respectively.

In addition to identical structures, numerous natural
oligopeptides were also distinguished in the oligopeptide
database whose structures were highly homologous to nat-
ural casein fragments and functions were identical.
However, similar structures could have different functions.

BIOCHEMISTRY (Moscow) Vol. 74 No. 13 2009

Due to the presence of proteolytic enzymes within
cells and in extracellular medium of a living organism,
continuous degradation of peptide structures takes place.
Four hundred different types of peptide bonds are cleaved
with different probability, and this can result in a contin-
uously changing mosaic of numerous fragments of
endogenous proteins. In a limiting case, formation of a
complete fragmentome of each of them is possible.
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Formation of a complete fragmentome is quite probable
during digestion, when exogenous proteins supplied with
food, including those exhibiting enzymic activity, are
cleaved by a large totality of enzymes [56]. Thus, exoge-
nous fragments, among which regulatory oligopeptides
can be present, are added to the pool of endogenous frag-
ments. Due to partial repetition of amino acid sequences
inside and outside protein subunit fragments as well as in
different proteins, these regulators can be formed in sig-
nificant amounts and noticeably influence different
processes of metabolism. In particular, detection among
them of enzyme inhibitors shows that the process of food
protein cleavage can be inhibited by proteolysis products.
Besides, fragments only just formed in the gastrointestinal
tract and exhibiting antimicrobial properties are able to
take part in regulation of the microflora balance and so to
be a component of immune regulation [73]. Thus, frag-
mentation within an organism can result in generation of
a dynamically developing pool of exogenous regulatory
oligopeptides, functions of which can change during for-
mation of smaller and smaller fragments. Probably the
existence of the endogenous—exogenous pool of regulato-
ry molecules makes wider the sense and content of the
hypothesis concerning a functionally continuous totality
(continuum) of natural oligopeptides [74].

CONCLUSION

A single protein fragmentome is only a part of the
totality of fragmentomes of all cellular proteins. All are
components of a global fragmentome formed by efforts of
numerous researchers in the protein—peptide databases.
This protein—peptide fragmentome, in turn, is presented
as a component of the global fragmentome of all chemi-
cal substances of all living organisms, just which is an
object of biochemical investigations.

By the present time only a small part of the possible
natural protein fragments are identified experimentally and
even less is known about their functional properties. In
particular, this concerns generation and functions of frag-
ments formed in the gastrointestinal tract upon nutritive
product cleavage by enzymes (there are not many examples
similar to investigation of the sardine muscle fragments
[71], shown in Fig. 8). Detection of natural oligopeptides
formed of specialized precursors is also far from comple-
tion. Moreover, only a single type function was studied in
most of them, whereas they may be multifunctional.

Accumulation of data on structure and functions will
make it possible to characterize more completely the func-
tional abilities of numerous, still unstudied protein frag-
ments, to approach understanding their role in evolution
and to use all these data in practice. Thus, recording func-
tional properties of nutritive protein fragments can suggest
to dieticians what food is preferable for patients, and to
pharmacologists what peptide fragments are reasonable to

ZAMYATNIN

use as drugs and food additives. Some amino acids like
glycine, exhibiting sedative effect [75-81], glutamate, wide-
ly used in food industry, etc. are already used as remedies.

Due to improvement of research methods, including
computer analysis, our knowledge of structural and func-
tional properties of the global fragmentome is intensively
growing. This knowledge is still not enough for complete
understanding of the regulatory role of fragments in living
organisms. Nevertheless, already now it is possible to for-
mulate ideas concerning structure—functional fragmen-
tomics of natural peptides and other substances.

The author is indebted to B. I. Kurganov and A. G.
Malygin for useful discussion of this work and to A. S.
Borchikov for modifications of computer programs.

This work was supported by the Russian Academy of
Sciences Presidium program “Molecular and Cell
Biology” and by the Chilean National Research
Foundation FONDECYT (grant No. 1080504).
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