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Thymopoietins and long postsynaptic neurotoxins share common
information in their primary structures
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The informational content of the primary structure of thymopoietin (TP) is investigated using the informational spectrum
method (ISM). We show that the sequence of TP shares common information with the sequences of long postsynaptic
snake neurotoxins, although no apparent similarity was found among their primary structures. The most sensitive point
in the sequence of TP, concerning this information, is D-34, previously determined as being the residue responsible for
TP’s effect on neuromuscular transmission. OQur results suggest that TP and long toxins recognize the neuromuscular
nicotinic acetylcholine receptor (AChR) and/or bind to the AChR in a different mode than the short toxins do.
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1. INTRODUCTION

Thymopoietin (TP) is a polypeptide im-
munoregulatory hormone isolated from the
thymus, discovered by its effect in causing a
delayed impairment of neuromuscular transmis-
sion [1]. The sequences of bovine and human TP
(bTP and hTP) consist of 49/48 residues as are the
sequences of bovine and human splenin (bSP and
hSP), homologous proteins isolated from the
spleen, but which do not affect neuromuscular
transmission [2—6]. Synthetic pentapeptides called
thymopentin (TPS5) and splenopentin (SP35), cor-
responding to residues 32—36 of TP/SP, have been
shown to reproduce the biological activities of the
native proteins and probably comprise their active
sites [2,3]. The only structural difference between
TP5 and SPS occurs at position 3, corresponding
to the residue 34 of TP/SP. TP binds with high af-
finity to the nicotinic acetylcholine receptor
(AChR) from the electric organ of Torpedo
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californica, competing with the snake venom a-
bungarotoxin for the same binding region on
AChR [4]. At lower concentrations and in the
presence of Ca**, TP favors the AChR desensitiza-
tion, displacing the conformational equilibrium of
the AChR towards its desensitized state, and in-
creasing the transition rate towards the same state
[5].

Postsynaptic snake neurotoxins are protein com-
ponents of snake venoms producing severe im-
pairments of neuromuscular transmission by
binding specifically to nicotinic AChR on the
postsynaptic membrane of the motor endplate [7].
They can be classified into two classes usually call-
ed ‘short’ and ‘long’ toxins. Short neurotoxins
contain 60—62 amino acids, while the long ones
usually have 71-73 residues. Toxins from both
classes produce a neuromuscular block upon
binding to the AChR, but their binding modes seem
to differ, since they produce different effects on
AChHR [8]. The binding of postsynaptic toxins to
AChR probably involves a conformational change
of the toxin and/or AChR, which may enhance
their affinities for each other and/or allow them to
produce a mutually locked complex [8].
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Up to now, more than 60 postsynaptic neurotox-
ins from snake venoms have been isolated and se-
quenced, forming one of the largest groups of
homologous protein sequences with determined
structural characteristics [7,9]. It is intriguing to
find out why TP, with no apparent similarity in its
primary structure with snake toxins, affects the
neuromuscular transmission, by binding to AChR
in a competitive way with a-bungarotoxin. We
show in this paper that common information exists
in the primary structures of TPs and of long
neurotoxins, undetectable by the sequence
homology analysis but evident with ISM, which
could result in their similar behavior concerning
their ability to recognize the AChR and/or to bind
to it.

2. THE INFORMATIONAL SPECTRUM
METHOD

The informational spectrum method (ISM) is a theoretical
method for analysis of the informational content of protein and
nucleic acid sequences [10—12]. The physical basis of the ISM
and its mathematical apparatus have been explained in detail
elsewhere {12,13], and here we will give a description of the ap-
proach.

The basic physical parameter which influences the energy and
distribution of valence electrons in an organic molecule is the
potential in which they move. The electron-ion interaction
potential (EIIP) determines energy states of valence electrons
[14] and influences the physico-chemical properties of
molecules such as their hydropathy, charge, dipole momentum,
etc. [15]. The EIIP has been shown to correlate with the toxici-
ty, carcinogenicity, antibiotic activity and other properties of
small organic molecules [13,16,17]. In an attempt to determine
the biological function of a macromolecule from its primary
structure, the authors of the ISM consider the EIIP of amino
acid or nucleotide residues to be the relevant characteristic
[10-12].

The value of the EIIP corresponding to an organic molecule
can be determined using the following expression derived from
the general model pseudopotential [18,19]:

W = 0.25Z* sin(1.04r - Z*)/ 27

where Z* is the average quasi-valence number of the molecule
determined by:

N
zZ* = X Z/N
1

where Z; is the valence number of the i-th atom and N is the
total number of atoms in the molecule.

Applying the given expression to 20 amino acids, the follow-
ing values are obtained (in Ry): L 0.0000, I 0.0000, N 0.0036,
G 0.0050, V 0.0057, E 0.0058, P 0.0198, H 0.0242, K 0.0371,
A 0.0373, Y 0.0516, W 0.0548, Q 0.0761, M 0.0823, S 0.0829,
C 0.0829, T 0.0941, F 0.0946, R 0.0959 and D 0.1263 [13].
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DNA, RNA and proteins can be considered as informational
macromolecules. The information they carry is stored in their
primary structures and is coded by the distribution of their con-
stitutive elements (nucleotides or amino acids). In analyses of
the structure/function relationship, this information has to be
decoded in terms of the biological/biochemical function.

The informational content of a primary structure can be
presented in different forms. Let us consider three of them: the
so-called ‘symbolic’, ‘numerical’ and ‘spectral’ presentation.

In the simplest and most commonly used symbolic presenta-
tion, each residue in the primary structure is represented by a
symbol (usually a letter). The primary structures given as se-
quences of symbols can be compared among themselves
through sequence alignments. However, a high sequence
similarity score obtained through such analysis should not be
regarded as a measure of functional relatedness of the analyzed
sequences (in some cases even a single mutation in a sequence
can destroy/alter its biological function), but only as an in-
dicator of their common ancestry [20]. This implies that the
symbolic presentation of the genetic information is not conve-
nient for the analyses of the structure/function relationship and
of the functional relatedness among different primary
structures.

In the numerical presentation, the primary structure is given
in the form of the numerical series, where each number in the
series represents the value of some chosen physico-chemical
property of the corresponding side-group. This presentation
enables the determination of the distribution of the followed
property along the residues in the sequence of the analyzed
macromolecule. The followed characteristic may be any
physico-chemical parameter expected to influence some proper-
ty of the whole macromolecule. The numerical presentation of
the hydropathy values, corresponding to amino acids of some
protein, is very propitious for the prediction of its transmem-
brane parts, antigenic segments and secondary structure {21].
The physical property expected in the ISM approach to in-
fluence the biological function of the macromolecule is the
EIIP, so the first step in the ISM analysis of the primary struc-
ture is the substitution of each residue symbol in the sequence
by the corresponding EIIP value. The obtained EIIP series
represents the side-group-influenced changes of local en-
vironments along the backbone of the macromolecule, through
which a hypothetical electrical impulse propagates [15,22). The
putative high-temperature superconductivity in proteins and
DNA (proposed by Little [23]) could influence the long-distance
intermolecular recognitions (proposed by Frolich [24]) and
preselections, based on the information carried in their primary
structures (proposed by Veljkovié [15,22]).

As the numerical presentation of primary structures is also in-
convenient for comparative analyses of functional relatedness
among sequences, it is possible to transform it into the form of
a spectrum which is much more convenient for further analyses.
The informational spectrum (IS) of a sequence in the ISM is
defined as the energy density spectrum of a discrete Fourier
transform applied on the series of the EIIP values correspon-
ding to the analyzed primary structure [10—12]. The series of
EIIP values is treated in the ISM as a discrete signal, and it is
assumed that the points in the signal are equidistant with the
distance d = 1. The Fourier transform decomposes this signal
into a sum of sine waves, and the obtained Fourier coefficients
describe their frequencies, amplitudes and phases. Each point in
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the IS, which defines the (square of the) amplitude and the fre-
quency of one of these sine waves, depends on the collective ef-
fect of all of the constitutive elements of the sequence [12}. The
maximal frequency in the IS is F = 1/2d = 0.5, so the IS-
frequency range 0.0—0.5 is independent of the length of the
analyzed sequence [10-12]. The total number of points in a se-
quence influences only the resolution of the IS and the accuracy
of the transform.

The cross spectrum (CS) of two or more ISs calculated with
the same resolution is used to extract their common informa-
tion. It is defined in the following way: the intensity (amplitude)
corresponding to a frequency in the CS is the product of the
corresponding amplitudes from the ISs from which this CS
originates. In general, the CS of several proteins contains only
those peaks which appear in all their ISs. It was found that the
CS of functionally unrelated sequences does not contain any
significant peak, while the CS of biologically related sequences
contains one or more significant peaks [10-12].

The consensus spectrum is defined as a CS of a large group
of sequences which share a common biological function. It
usually contains one (sometimes several) extremely significant
peak(s). The frequency of this peak can be related to that par-
ticular biological function, and is considered to be
‘characteristic’ for that function [10—12]. The characteristic fre-
quencies are, up to now, obtained for more than 20 groups of
proteins (oncogenes, kinases, interferons, growth factors,
haemoglobins, etc.) as well as for several types of DNA
regulatory sequences (promotors, terminators, enhancers, SOS-
operators) [10—-12,22,25-30].

Some of the possibilities which the ISM offers can be sum-
marized as follows: (i) it is possible to predict the biological
function of a sequence with an unknown function; (ii) it is
possible to compare the strength of the biological activity within
a group of sequences with the same function; (iii) within the se-
quence with a known biological function, the mutations which
could increase or decrease this function can be predicted; (iv) it
is possible to predict which group of proteins would bind to a
particular kind of DNA regulatory sequence; and (v) ISM also
enables the design of completely artificial sequences which
could be expected to have some desired biological function.

In this paper we use for the first time the ‘minimal change
mutation” (MCM) procedure, which we describe here in detail.
The set of 20 amino acids is linearly arranged according to the
corresponding values of the EIIP in the following way: D »
R>F>T>C>=S>M>Q>W>Y>A>K>H>
P>E>V>G>N>L=1

For each amino acid we define its MCMs as the two
neighbouring amino acids in this order. For example the
minimal ‘up’ mutation for W is Q and its minimal ‘down’ muta-
tion is Y, so the MCMs for W are Q and Y. To determine which
parts of the protein sequence are most sensitive to changes in
respect to a fixed IS frequency f, we proceed as follows: (1) we
determine the amplitude a(f) in the IS of that protein and (2)
repeat the 2a and 2b for every position in the analyzed se-
quence. (2a) We change the amino acid on that position by its
MCMs (if both defined) and obtain two (or one) sequences
which differ from the original one only in this position. (2b) We
calculate a(f) from each IS of these altered sequences and ex-
press it as a percentage of the same value from the IS of the
original sequence. (3) Having these values for all the positions
in the sequence we can compare them and conclude which posi-
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tions are the most sensitive to minimal mutations in respect to
frequency f. Other mutations (non-minimal) should have even
more drastic influence on the change of a(f) than the minimal
ones. While the inverse Fourier transform enables the finding
of the optimal changes in the primary structure which would
decrease/increase a(f) [28], the MCM procedure defines the
positions in the primary structure where even minimal changes
significantly affect a(f).
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Fig.1. (a) The IS of bovine thymopoietin. (b) The IS of human
thymopoietin. (c) The CS of bovine and human thymopoietins.
The obtained dominant frequency in all of the three spectra is
0.35156. The EIIP signals were extended on 128 points, giving
spectra with 64-point (frequencies) resolution. In each spectrum
the abscissa presents the IS-frequency domain 0.0-0.5. The
ordinate in each IS presents the intensity of the Fourier
transform applied to the sequence of EIIP values corresponding
to the amino acids in the analyzed primary structure. The
ordinate in the CS presents the product of the intensities of the
corresponding ISs. The horizontal line in each spectrum
presents the noise level (mean amplitude value).
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3. RESULTS AND DISCUSSION

The aim of our work was to study the primary
structure of thymopoietin (TP) using the previous-
ly described ISM. The ISs of bovine and human
TP (bTP and hTP) were calculated and their CS
was determined, as presented in fig.1. The domi-
nant peak in all three spectra appears on IS at fre-
quency 0.35156, or, according to the accuracy of
the method, in the frequency domain
0.34136-0.36176. Repeating the same procedure
starting from the sequences of bovine and human
splenins (bSP and hSP), we obtained similar spec-
tra as in the case of TPs, with the same, but less
significant dominant peak. The comparative
results concerning IS frequency 0.35156 in the
spectra of TPs and SPs are given in table 1. These
results suggest that if TPs and SPs were involved
in a biological process represented in the ISM
model by the frequency 0.35156, then we would ex-
pect TPs to be more efficient in this process than
the corresponding SPs. Which biological processes
correlate with frequency 0.35156 in the spectral
representation are still to be determined.

In our previous work we proposed the same fre-
quency 0.35156 to be related to postsynaptic snake
neurotoxins, as the peak on this frequency appears
as the dominant one in the CS of five of them [29].
Our further studies showed that this spectral com-
ponent appears as dominant in the ISs of some of
the long toxins, but never in the ISs of short toxins
(unpublished). In fig.2, we present the consensus
spectra of two classes of postsynaptic snake
neurotoxins in comparison with the CS of TPs.
The obtained characteristic frequencies are:
0.35156 + 0.01042 for TPs, 0.34375 + 0.00758 for

Table 1

The values of the amplitude and of the signal-to-noise ratio
(S/N) corresponding to the IS frequency 0.35156 in the ISs and
CSs of thymopoietins and splenins of bovine and human origin

a(f) S/N -
bTP 0.494 6.78
bSP 0.304 4.82
hTP 0.249 4.61
hSP 0.177 3.72
bTP * hTP 0.123 18.33
bSP * hSP 0.054 11.98
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Fig.2. (a) The CS of thymopoietins of bovine and human origin
with the dominant peak at frequency 0.35156. (b) The
consensus spectrum of the group of 22 long postsynaptic snake
neurotoxins with the dominant peak on frequency 0.34375. (¢)
The consensus spectrum of the group of 37 short postsynaptic
snake neurotoxins with the dominant peak on frequency
0.48438. The primary structures of the toxins are taken from
[7-9]. The resolution, abscissa and ordinate of each spectrum
are as described for fig.1.

22 long toxins and 0.48438 for 37 short toxins.
These results reveal that a characteristic frequency
domain 0.34136—0.35133 shared between the CSs
of two different groups of proteins, TPs and long
toxins exists, but is not present in the CS of short
toxins which further means that the primary struc-
tures of TPs and of long toxins carry a common
piece of information not present in the primary
structures of short toxins. We concluded that this
common information could be responsible for the
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Table 2

The results of the MCM procedure applied to the sequence of
bovine thymopoietin (bTP) and human thymopoietin (hTP)

bTP MCM hTP MCM
residue up down residue up down
1P 99 103 1G 100 101
2E 100 100 2L 101 -
3F 100 100 1P 101 98
4L 99 - 4K 100 105
SE 101 100 SE 104 100
6D - 95 6V 100 100
7P 99 104 7P 98 105
8S 102 100 8 A 105 100
9V 100 100 9V 100 100
1I0L 99 - 10L 99 -
1T 100 97 1T 100 96
12K 100 100 12 K 100 103
13E 97 100 13Q 99 103
14 K 100 96 14 K 100 95
I5L 100 - 15L 99 -
16 K 100 102 16 K 100 100
178 103 100 17 8 104 100
18 E 97 100 18 E 95 100
19L 100 - 19L 100 -
20V 100 100 20V 100 100
21 A 96 100 21 A 94 100
22N 100 100 22N 100 99
23N 100 99 23 G 100 100
24V 100 100 24V 100 100
25T 100 98 25T 100 96
26 L 100 - 26 L 100 -
27 P 99 104 27 P 99 104
28 A 103 100 28 A 106 100
29 G 100 100 29 G 100 100
30E 97 100 30 E 97 100
31Q 102 94 31 M 100 98
32R 98 100 32R 92 100
33K 100 102 33K 100 101
34D - 91 34D - 90
5V 100 100 35V 100 100
36Y 100 101 36 Y 100 99
37V 100 100 37V 100 100
38E 97 100 38 E 95 100
9L 100 - 39L 101 -
40Y 101 97 40Y 101 98
41 L 99 - 41 L 99 -
42 Q 101 98 42 Q 102 94
43S 102 100 43 H 100 100
44 L 99 - 44 L 99 -
45T 100 98 45T 100 96
46 A 101 100 46 A 98 100
47 L 99 - 47 L 99 -
48 K 100- 97 48 H 105 98
49 R 99 100

The MCM parameter is a value of the amplitude on IS

frequency 0.35156 in the IS of the altered sequence, expressed

as a percentage of the same value in the IS of the native protein
bTP
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ability of TP to recognize AChR in neuromuscular
synapses and/or bind to it. Our further investiga-
tion was directed to test this hypothesis.

This common information shared among the se-
quences of TPs and of long toxins is represented in
the IS of TP with the spectral component 0.35156.
To test whether this frequency correlates with the
ability of TP to influence the neuromuscular
transmission, we determined which parts of the
primary structure of TP are the most sensitive,
concerning the influence of mutations in them on
frequency 0.35156. We used the previously
described MCM procedure on the sequences of
bTP and hTP, and followed the changes of
amplitude on frequency 0.35156. The results are
presented in table 2. In both cases, the maximal ab-
solute value of the change of the amplitude on the
followed frequency (9% decrease for bTP and
10% decrease for hTP) occurs when D-34 is
substituted by its MCM (R-34). This means that
residue D-34 is the most sensitive point in the se-
quence of TP, according to the influence of its
change on the IS frequency 0.35156. As the same
residue was previously determined as the main one
in the active site of TP, responsible for its ability
to affect the neuromuscular transmission [2,3], we
concluded that the common spectral component
(frequency domain) in the ISs of TPs and of long
neurotoxins correlates with their ability to
recognize the AChR and/or to bind to it. Further,
as this spectral component is not significant in the
ISs of short neurotoxins, our results are in agree-
ment with the assumption that the modes of action
of short and long toxins differ among themselves.
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