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Abstract-—We a propose mathematical approach to searching for latent periodicity in amino acid sequences.
The statistical significance of the latent periodicity was evaluated by the Monte Carlo method. Search for latent
periodicity in the SWISS-PROT bank sequences reveals over 10% proteins with latent periodicity including
enzymes. We present amino acid sequences with latent periodicity revealed in lipoamide dehydrogenase
(DLDH_AZOVI), asparagine synthase (ASN1_YEAST), endochitinase 2 (CHI2_COCIM), and Rho/Rac
effector (CTRO_MOUSE). These proteins feature latent periodicity regions 19, 6, 11, and 7 amino acid long,
respectively. The possible functional and evolutionary significance of the latent periodicity regions is discussed.
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INTRODUCTION

At present the life science enters a new, postgen-
omic era, owing to sequencing of the full genomes of
certain bacteria, yeast (Saccharomyces cerevisiae),
and nematode (Caenorhabditis elegans) as well as
ongoing genome sequencing of more complex organ-
isms (plants, animals, and man). Availability of these
huge volumes of genetic information will inevitably
exert significant influence on our understanding of
life, since many problems related to emergence and
evolution of single traits now can be considered at the
level of complete genomes. This confers especial sig-
nificance on studying the organization of available
nucleotide and amino acid sequences and developing
mathematical algorithms for analysis of these
sequences, aimed at fuller extraction of biological
information from huge genetic texts.

Studies on amino acid sequence periodicity may
bring light to structural properties of the protein
sequences and their relationship to protein spatial
structure and evolution. At present two mathematical
approaches are widely used in such studies.

The first approach is algorithmic studies of a
sequence character code revealing character code
periodicity in the presence of deletions, inserts, and a
relatively high number of substituted characters.
However, the number of substitutions should not dis-
turb the visible similarity between the periods [1-7].
The available algorithms for character code periodic-
ity rely on known dynamic programming procedures
for comparing two character code sequences [8].
Algorithmic approaches also include tests for com-
plexity of the genetic texts revealing duplications in

nucleotide sequences of various genes [9-11]. These
studies are based on Kolmogorov’s text complexity [12].

The second approach applies Fourier transform to
analysis of character code sequences [13-20]. The
main difficulty of using the Fourier transform mathe-
matics is selecting the mode of character-to-numerical
transformation of the sequence and storing all statisti-
cal properties of the character code sequence; in addi-
tion, sequence periodicity cannot be revealed in the
presence of inserts and deletions.

The mathematical methods used reveal chiefly the
“homologous periodicity” of the amino acids
sequences, implying high similarity between the peri-
ods in the studied sequence. The kind of periodicity
detectable by Fourier transform is defined by the
mode of character-to-numerical transformation or by
the similarity matrix (such as PAM250) generated on
the basis of evolutionary comparison of closely
related proteins in the case of algorithmic approaches.

Let us consider the situation of a character code
sequence with periodicity lacking statistically signifi-
cant similarity between the periods (hereafter referred
to as latent periodicity). In this case such periodicity
can only be revealed by analysis of all periods at the
same time. Let us consider a three-character amino acid
periodicity {(Lys\Asn\Ile\Met\Thr)(Arg\Ser\Pro\Hys\
Glu)(GIn\Val\Ala\Asp\Gly) }. The amino acid residues
allowed in the first, second, and third positions of the
period are enclosed in parentheses. The ambiguity of
each position is clearly different; different amino acid
sets are allowed in the first, second, etc. positions.
Sequences with this kind of periodicity may acquire
the form: [LysArgGln][AsnSerVal][lleProAlaMet]
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[HysAspThr][GluGlyLys][HysAspGly]... (the peri-
ods are enclosed in brackets). Similarity between the
periods of this sequence is clearly statistically insig-
nificant or absent; therefore, such periodicity can be
missed during the search based on Fourier transform
or dynamic programming. There is a lot of amino acid
sequences with this kind of periodicity. Statistical sig-
nificance of periodicity requires sufficient length of
the corresponding sequence. The mathematical
approach revealing latent periodicity in amino acid
sequences is described below.

One can give different explanations of latent peri-
odicity. It can correlate with periodicity in the protein
spatial structure. Ancient cases of multiple duplica-
tions in the amino acid sequences that accumulated lot
of substitutions can also give rise to latent periodicity.

Successful search for latent periodicity in amino
acids sequences requires a novel mathematical
approach, since application of dynamic programming
and Fourier transform cannot reveal latent periodicity
in many cases. To solve this problem, we modified the
method of searching for latent periodicity in nucle-
otide sequences [21-23] based on revealing extended
similarity between an artificial periodic sequence and
a character code sequence [24]. Here we used the
Monte Carlo method to evaluate the statistical signif-
icance of the observed periodicity. Analysis of the
SWISS-PROT protein bank reveals at least 10% pro-
teins with latent periodicity.

EXPERIMENTAL

-

The search for latent periodicity regions in amino
acid sequences was realized through comparison of an
artificial periodic and amino acid sequences. The
alphabet of the artificial sequences has S(i) characters.
In order to reveal a 2-aa periodicity, we generate arti-
ficial sequence S(1)S(2)S(1)S(2)S(1)S(2)... An artifi-
cial sequence S(1)S(2)S(3)S(1)S(2)S(3)S(1)S(2)S(3) is
generated to reveal a 3-aa period, while sequence
S(HS(2)...5(n)S(1)S(2)...S(n)S(1)S(2)...S(n) is gen-
erated to reveal a period of n amino acids. The length
of the artificial sequence equals the length of the ana-
lyzed one. We shall study amino acid sequence peri-
odicity with a period ranging from 2 to L/2, where L
is the length of the analyzed sequence. After compar-
ison of the artificial and query sequences, we have a
matrix M(20,n), where n is period length. Element
M(i, j) of this matrix stores the number of i-type
amino acid (i = 1,20) that match the character S(j) in
the artificial periodic sequence. We use reciprocal
information calculated from the matrix M(20, 2) as a
measure of similarity between the artificial sequence
with period »n and an amino acid sequence. We pro-
pose that the characters in the artificial and amino acid
sequences are independent; hence, according to [25],
the doubled reciprocal information will be distributed
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as X? with 19(n — 1) degrees of freedom. The more
there is reciprocal information, the less is the proba-
bility of random relationship between the characters
in the artificial periodic and amino acid sequences
[25]. If periodicity is not observed along the whole
amino acid sequence, reciprocal information between
the artificial periodic sequence and any fragment of
the initial sequence should be defined. This procedure,
described in detail for nucleotide sequences, was
applied to amino acid ones without modification [23].
However, in the case of a short amino acid sequence
fragment the doubled reciprocal information will
deviate from the X2 distribution with 19(n — 1) degrees
of freedom. We accept that for short amino acid
sequence the mean value of each element in the
M(20, n) matrix should be less than 5. Hence, for an
amino acid sequence shorter than 100n the X? distribu-
tion cannot be used to evaluate the statistical signifi-
cance of match between the artificial periodic and the
amino acid sequences. In this case the Monte Carlo
method can be used and random matrices M' should be
generated with the same X(i), i =1, 2, ..., 20 and Y(),
J=1,2,...,n(22) as in the initial matrix resulting from
comparison between the artificial periodic and the
amino acid sequences, where:

X@i) = ZM(i,j). (1)
j=1
20

Y(j) = Y MG ). )

i=1

X(i) shows the number of different amino acid resi-
dues in the analyzed sequence. Y(j) equals the number
of S(j) characters in the artificial periodic sequence.
Let us assurne that the reciprocal information /(1) and
matrix M(20, n) resulted from comparison of the arti-
ficial periodic and the amino acid sequences, where 20
is in number of amino acids and » is the period length.
In order to evaluate the statistical significance of the
observed relationship between the sequences using
the Monte Carlo method, random matrices M'(20, n)
should be generated with the same rows and columns
totals as the M(20, n). The matrices were generated
according to [26]. Let the number of M" matrices be N.
The number N1 of M' matrices with reciprocal infor-
mation /' > I(1) can be determined, which makes it
possible to evaluate the probability F of random rela-
tionship between the artificial periodic and the amino
acid sequences. The probability F can be approxi-
mated as N1/N. If the amino acid sequence has pro-
nounced periodicity, the /(1) has a high value and it is
hard or even impossible to generate a significant num-
ber of M' matrices in order to have N1 > 0 and evaluate
the probability F. In this case it is convenient to intro-

duce Z = (I(1) - P(av))/JB as a measure of statistical
significance of similarity between the artificial peri-
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Sample regions with latent periodicity from SWISS-PROT amino acid sequences

SWISS-PROT sequence identifier, Protein Period length (number of residues){References
ASNI_YEAST Glutamine-hydrolyzing asparagine synthase 6 [40, 41]
CHI2_COCIM Endochitinase 11 [42]
CTRO_MOUSE Rho/Rac-effector 7 [34]
DLDH_AZOVI Lipoamide dehydrogenase 19 [35]

odic and the amino acid sequences; I(m) is the mean '
for the set of random matrices M’ and D is dispersion
of I for the set of matrices M'. If Z equals 0, there is
no similarity between the artificial periodic and the
amino acid sequences. If Z > 3.0, the distribution of Z
fits well into normal distribution.

Generation of matrices according to [26] is equiv-
alent to generation of Bernoulli sequences with the
same amino acid composition as the analyzed
sequence. In this case, the relationship between amino
acids need not be accounted for, since this would dis-
tort the relationship between Z and the period length.
For instance, accounting for paired correlation
between the amino acids at generation of M' matrices
usually results in low Z(2) valueg so that 2-aa periods
cannot be revealed.

After the calculations we have the relationship
Z(n), where n ranges from 2 to L/2. This also allows
us to reveal duplications in the analyzed sequence.
Such spectrum shows periodicity of various length in
the protein. The most significant periodicity has the
top Z value. At the same time, all multiple periods will
also have high Z values (however, not as high as for
the basic period) as was already noted for nucleotide
sequences [23].

Latent periodicity may be present in only a part of
the analyzed amino acid sequence. In this case all sub-
sequences of the initial amino acid sequence should
be tested and the Z(n) spectrum should be determined
for each of them [23]. These calculations decelerate
the search for latent periodicity. For instance, analysis
of a 500-aa sequence takes less than 3 min on a Pen-
tium-200 IBM PC.

We studied the Z(n) behavior for randomly gener-
ated amino acid sequences 108 characters long. In this
case Z(n) never exceeded 5.6. This value can be con-
sidered as the threshold for latent periodicity search in
amino acid sequences. Let us accept periodicity in an
amino acid sequence if Z(n) > 5.6.

RESULTS AND DISCUSSION

The above algorithm was realized in a C** program
complex and was applied to periodicity search in the
SWISS-PROT amino acid sequences. The result of
this investigation demonstrated that over 10% of the
amino acid sequences analyzed have regions with
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latent periodicity. It is probable that such sequences
include protein regions with lowered Kolmogorov
complexity [9-11]. The proteins with latent periodic-
ity regions include enzymes, DNA-binding proteins,
oncoproteins, etc. In addition to proteins with latent
periodicity, we have revealed proteins with homolo-
gous periodicity (sometimes imperfect) as well as
numerous duplications, which agrees with the pub-
lished data [3, 6, 7, 27, 28]. The revealed regions fea-
ture high Z values. We assume that Z > 18.0 indicates
homologous or almost homologous periodicity (simi-
larity level between single periods will exceed 90%).

We can exemplify the functioning of this algorithm
by revealing a perfect homologous periodicity
(Fig. 1). The first SWISS-PROT sequence with
homologous periodicity is 110K_PLAKN. This
sequence has 12 repeats ETQNTVEPEQTE [29]. Fig-
ure 1 demonstrates maximum Z = 44 for a period of
12 aa. Probability of random appearance (P) of such a
sequence can be evaluated from formula P =

(EM(ZJ21), where Z1 = Z2, and equals P< 107'®
[30]. For periods of 24, 36, and 48 aa (multiples of
12), Z equals 24.5, 26.6, and 17.1, respectively. Inter-
ference of the 12-aa period also increases the Z for the
periods multiple of 2, 3, and 4 aa [23]. However, Z val-
ues for these periods are much lower than that for the
12-aa period. Another example of this algorithm at
work is revealing latent periodicity of the SWISS-
PROT sequence ABA1_ASCSU fragment [31-33].
This fragment has three tandem repeats

AKILHYYDELEGDAKKEATEHLKGGCREILKHV
VGEKAAELKNLKDSGASKEELKAKVEEALHAV
TDEEKKQYIADFGPACKKIYGVHTSRRRRHHFT
LESSLDTHLKWLSQEQKDELLKMKKDGKAKKELE

133 aa long, which gives us Z(133) = 50.6. This period
increases the Z for the fractional periods of 7, 19, and
38 aa (Z(76) = 11.3, Z(19) = 18.5. and Z(38) = 8.0).
The above examples demonstrate extremely high Z
values in the case of homologous periodicity.

Figure 1 presents examples of the regions with
latent periodicity. The corresponding amino acid
sequences and matrices are given in Figs. 2 and 3.
respectively. These matrices demonstrate that most
positions in the periods are degenerate; however, cer-
tain positions have a nearly homogeneous amino acid
composition. For instance, this is true for positions 3
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Fig. 1. Z values as a function of period length » for amino acid regions with perfect latent periodicity from sequences 110K_PLAKN
and ABAI_ASCSU, and regions with latent periodicity from sequences ASN1_YEAST, CHI2_COCIM, CTRO-MOLUSE, and
DLDH _AZOVI. The corresponding amino acid sequences are presented in Fig. 2.

and 5 in the 19-aa periodicity of the DLDH_AZOVI
sequence.

It should be interesting to consider the functional
significance of the amino acid sequences with latent
periodicity. A latent periodicity region of the
ASNI_YEAST includes the most part of the
glutamine-hydrolyzing asparagine synthase. One can
suppose that the latent periodicity is essential for the

spatial structure of this protein and its interaction with
the ligands.

A latent periodicity region of 7 aa from the
Rho/Rac effector (CTRO_MOUSE) includes a leu-
cine zipper region (L-XL-XL-Xs-L) with 7-aa
periodicity [34]. One can suppose that this region of
the Rho/Rac effector resulted from multiple duplica-
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ASN1_YEAST
LDGMFAWTLYDAKCCRIVAARDPIGITTLYMGRSSASPKTVYFASELKCLTDDCDTITAFPPGHVYDSKTDK
ITRYFTPDWLDEXRZPSTPIDYMAIRHSLEKAVRKRLMAEVPYGVLLSGGLDSSLIASIAARETAKATNDVE
PSTYDSKARHLAGIODDGKLHTAGWTSLHSFAIGLPNAPDLQAARKVAKFIGSIHHEHTFTLQEGLDALDDV
IYHLETYDVTTIRASTPMFLLSRKIKAQGVKMVLSGEGSDEIFGGYLYFAQAPSAAEFHTESVQRVKNLHLA
DCLRANKSTMAWGLEARVPFLDREFLQLCMNIDPNEKMIKPKEGRIEKYILRKAFDTTGEPDAKPYLPEEIL
WRQKEQFSDGVGY SWIDGLKDTAEAVISDEMFASPKAEWGSDI PTTKEAFWYRLKFDALFPQKTVADTVMRW
IPKADWGCAEDPSGRTAQIHEKHIE

CHI2_COCIM

TLSASTTPSSPS PSSTMQTTSTGSTSIETVITRSQEPPSTTISTRSASTEPVITRSQEPPSTTISTRSA
STETVTTRSQEPPSTTISTWSASTETSTSSQDSPSTTISTKSAPTGTVITRSQDLPSTTISTRSPETETETA
TTKSQGSPSITLSTRSSSAETVSTRSQHSSSTTISTKSAPTETGTTSEHSTSMPVSTRSASTETVITRS

/3

CTRO_MOUSE
IQELQEKLEKAVKASTEATELLQNIRQAKERAERELEKLHNREDSSEGIKKKLVEAEERRHSLENKVKRLET
MERRENRLKDDIQTXSEQIQOMADKILELEEKHREAQVSAQHLEVHLKQKEQHYEEKIKVLDNQIKKDLADK
ESLENMMQRHEEEAHEKGKILSEQKAMINAMDSKIRSLEQRIVELSEANKLAANSSLFTQRNMKAQEEMISE
LROQKFYLETQAGKLEAQNRKLEEQLEKISHQDHSDKSRLLELETRLREVSLEHEEQKLELKRQLTELQLSL
QERESQLTALQAAFAALESQLRQAKTELEETTAEAEEEIQALTAHRDEIQRKFDALRNSCTVITDLEEQLNQ
LTEDNAELNNQNFY_SKQLDEASGANDEIVQLRSEVDHLRREITEREMQLTSQKQTMEALKTTCTMLEEQVL
DLEALNDELLEKERCWEAWRSVLGDEKSQFECRVRELQRMLDTEKQSRARADQRITESRQVVELAVKEHKAE
ILALQQALKEQKLXAESLSDKLNDLEKKHAM

DLDH_AZOVI
SGSKPVEIPPAPVICDVIVDSTGALDFONVPGKLGVIGAGVIGLELGSVWARLGAEVTVLEAMDKFLPAVDE
QVAKEAQKILTKQGLXILLGARVTGTEVKNKQVTVKFVDAEGEKSQAFDKLIVAVGRRPVTTDLLAADSGVT

LDERGFI

Fig. 2. Amino acid sequences with latent periodicity; SWISS-PROT sequence identifier is given prior to the sequence.

ASN1_YEAST CHI2 COCIM CTRO_MOUSE DLDH_AZOVI
1 5 1 5 10 1 5 1 5 10 15
Lys 11 2 4 5 3 7 11000000001 9 959 49 5 0201040001110000101
Asn 2 11011 00000000000 2 2 046 3 3 0000100100000000000
Ile 76 6 235 00001003410 1 05 4 0 110 0110010100100003000
Met 2 3 0312 00000110000 0110173 0001000000000000000
Thr 1 6 612 2 4 20236599998 7°3 1 010 2 1 2000100020000000130
Arg 14 7 451 41000000015 8 6 2 6 6 8 4 (0000000000012101000
Ser 2 6 4 6 £ 5 88485631375 7 8 2 4 3 4 4 2000010100000000011
Leu 5 6 8 610 3 00100000020 3 42117 3 420 2103011111013000000
Tyr 4107 25 00000000000 0110010 0000000000000000000
Phe 8 50 1 2 3 00000000000 2110100 0001011000010010000
Cys 1200611 00000000000 1000101 0000000000000000000
Trp 3 04 ¢ 23 10000000000 0 010010 0000000001000000000
Pro 7 51 2 33 02155112000 0 0 0 0 0 0 0O 0010001112000010000
Hys 123 430 00110000000 4 32 1 2 0 3  0000000000000000000
Gln 02 4 2 23 23200010000 6 710 51210 2 1100003000001100000
val 016 ¢ 75 00000014201 6 2 21 015 1011000231301031301
Ala 811 6 4 710 11410100100 1 612 3 8 6 8 0041000012100031011
Asp 5 5 7 911 1 02000000000 553 3431 0000400000120200011
Glu 416549 01401530000 1316 7181617 6 0200200000011002020
Gly 57 3435 10011000100 12 02 00 0 0110002100110400203

Fig. 3. Matrices M(20,n) for amino acid sequences with latent periodicity; n is length of the latent period; n equals 6, 11, 7. and 19 aa

for sequences ASN1_YEAST, CHI2_COCIM, CTRO-MOUSE,
to amino acid residues and the latent period positions.

tions of the 7-aa fragment, and that the periodicity of
the leucine zipper region reflects its origin.

A 19-aa periodicity region of the DLDH_AZOVI
sequence includes the NAD*-binding site of lipoam-
ide dehydrogenase [35]. The conformation of the
NAD*-binding site is highly conservative and is
present in many proteins. The region of the NAD*-
binding site features four o-helices and six B-sheets;
however, the number of a-helices and B-sheets can

No. 4 1999

MOLECULAR BIOLOGY  Vol. 33

and DLDH _AZOVI, respectively: rows and columns correspond

vary among proteins [36. 37]. The region of NAD~
binding is 32 aa long and has the Bof3 conformation
[38, 39]. These amino acid residues were studied in
detail in various proteins, and 11 conserved positions
with definite amino acid composition were revealed
[38]. However, the latent periodicity specific for this
amino acid sequences has not been noticed. The
period of 19 aa includes a single B-sheet and a single
o-helix. Multiple duplication of this sequence could
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give rise to the structure of the NAD*-binding site. We
observed a similar periodicity in many other proteins
with NAD*-binding sites.

The mathematical approach developed allows
revealing much less pronounced periodicity in the
amino acid sequences as compared with Fourier trans-
form or algorithmic approaches, as well as the types
of periodicity undetectable by these methods. How-
ever, the approach has a set of limitations. As with
Fourier transform, it does not account for inserts/dele-
tions in the analyzed sequence. Since the number of
indels can be relatively high, a considerable amount of
the amino acid sequences with the latent periodicity
are missed by this method, and 10% is the lower
bound proportion of proteins with latent periodicity.
At present we are developing a modified approach
revealing latent periodicity in the amino acid
- sequences with a relatively low number of indels.

¥ Development of a more general approach based on

dynamic programming is a labor-consuming task,
since the type of latent periodicity in the amino acid
sequence is not known in advance, and exhaustion of
all possible latent periodicity types is hardly possible
even with supercomputers. Nevertheless, the pro-
posed approach even in its present state can be a pow-
erful tool of searching for evolutionary distant multi-
ple duplications in various proteins.

There is another mathematical approach revealing
“fuzzy” amino acid periodicity [16]. However, this
method reveals latent periodicity only if all period
positions have the same type of “fuzziness.” More-
over, the type of such “fuzziness” should be known in
advance for each period position, which requires a lot
of computing and complicates realization of this
approach.

The revealed latent periodicity in the amino acid
sequences from EMBL {Sic!} cannot be reduced to
more homologous periodicity of a limited set of local
alphabets (resulting from unification of certain amino
acids). First, such alphabets will be different for every
region of the revealed latent periods and will depend
on the period length. Second, such alphabets will sig-
nificantly differ with proteins even provided the same
period length. Apparently, this indicates the relation-
ship between latent periodicity and the evolutionary
origin of proteins through multiple duplications of
various short sequences.

Thus, here we demonstrate latent periodicity in the
primary structure of proteins. Earlier we have demon-
strated this in the nucleotides sequences [23]. It is
quite probable that a sizeable portion of the coding
sequences feature latent periodicity. At the same time,
the functional significance of the latent periodicity
can be different. One can suppose involvement of
latent periodicity in the formation of protein spatial
structure and realization of their biological function.
Latent periodicity in an amino acid sequence can pro-
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vide for specific spatial organization of the protein
globules and alternation of [B-sheets and «-helices.
Stated differently, latent periodicity is a code defining
the spatial organization of the corresponding amino
acid sequences.

On the other hand, latent periodicity can reflect the
origin and evolution of a protein globule. In this case,
the latent periods can be considered as elementary
units in protein structure, and protein evolution is
related to relatively simple multiple duplications of
the primary short sequences.
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