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Abstract This article is in the area of protein sequence investigation. It studies protein sequence perio-
dicity. The notion of latent periodicity is introduced. A mathematical method for searching for latent
periodicity in protein sequences is developed. Implementation of the method developed for known
cases of perfect and imperfect periodicity is demonstrated. Latent periodicity of many protein se-
quences from the SWISS-PROT data bank is revealed by the method and examples of latent periodicity
of amino acid sequences are demonstrated for: the translation initiation factor EIF-2B (epsilon subunit)
of Saccharomyces cerevisiae from the E2BE_YEAST sequence; the E.coli ferrienterochelin receptor
from the FEPA_ECOLI sequence; the lysozyme of Bacteriophage SF6 from the LY _BPSF6 sequence;
lipoamide dehydrogenase of Azotobacter vinelandii from the DLDH_AZOVI sequence. These protein
sequences have latent periods equal to six, two, seven and 19 amino acids, respectively. We propose
that a possible purpose of the amino acid sequence latent periodicity is to determine certain protein
structures.

Keywords Latent periodicity, Protein sequences, Mutual information

analyses or autocorrelation techniques for symbolic se-
guences is the transformation of symbolic to numerical se-
) o quences saving all statistical properties of an initial sequence.
The study of protein sequence periodicity is one of manyrypical mapping of amino acids to number (or numbers) is
approaches to protein sequence invesdgaThe pupose  taken from the physico-chemical properties of amino acids
of these investigations is to find structural peculiarities Of[&g]_ Considering the amino acid sequence as a symbolic
amino acid sequences and their relations with the Spati&ﬂequence, we can propose a very large number of mappings
organisation and functipn of proteins. Two main mathemqti-of the amino acids to number (or numbers) and each type of
cal approaches are widely used for this purpose. The firshapping may find some set of amino acid periodicities. For
method is classical Fourier transformation of a symbolic S€example, we can transform amino acid sequence to numeri-
quence [1-9]. The main fundamental difficulty of Fourier g sequence as follows: {40, Vak1}, {Rest amino
acid=0}. In this case autocorrelation techniques and Fourier
— transformation can find the pedicity of Ala completely,
Correspondence tcE. V. Korotkov the periodicity of Val is less expressed and the periodicities
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of the remaining amino acids are missed. To find all typesrated earlier for DNA sequences [19-21]. The method uses
periodicity in a symbolic sequence, we should test all typthe principle of the enlarged similarity between symbolic
of mapping, but this requires testing of an almost infinisequences [22]. In the present study this method has been
number of mppings. Thus, Fourier transformation in itschanged considerably for the analysis of the amino acid al-
present form may miss some periodicities of amino acid gdabet (20 letters) by the use of Monte-Carlo calculations.
guences and we should develop a new method of autocorreThe second purpose of this report is to show how the de-
lation function calculation (or similar function) that allowseloped autocorrelation function for symbolic sequences
us to find all periodicities of the amino acid sequence. works on real amino acid sequences. For this purpose we
The second method is algorithmic investigations of syranalyse the protein sequences from the SWISS-PROT data
bolic sequences. Methods of algorithmic search of tandeank and show some examples of the amino acid sequences
repeats were developed earlier [10-17]. These #kgoic with latent periodicity from several proteins. We use a weight
methods are usually based on the dynamic programmingpaifile analysis for the determination of a biological sense of
the alignment of pair sequences [18]. For searching amamino acid sequences found with periodicity. The possible
acid periodicity by the dynamic programming method, weeaning of the amino acid sequence latent periodicity is dis-
should determine the weights;(or the amino acid coinci- cussed.
dences @, where g g are amino acids, i=1,...,20, j=1,...,20.
Weights determine a set of periodicities that can be found in
a sequence. Usually, these weights are taken from the Pm'terials and methods
250 (or similar matrices) where, wvere calculated by com-
parison of closely related @eins. Véights w are greater ) ] . o
than w for i#j (i,j=1,...,20) in most cases. This means tha/e use the companson.of a protein sequence V\_”th art|f|p|al
we may find the periodicity of an amino acid sequence gymbollc sequences forflndlng a latent periodicity in an amino
the dynamic programming method if the level of similaritgCid Sequence, as done earlier for DNA sequences [19-21].
between the periods is high and we may miss a periodicity ff€ alphabet of artificial sequence containsesers. If we
the level of similarity is low or zero. For example, the dy3€arch a period equal to two amino acids, we generate the
namic programming method in its present form misses fh@ificial sequence §,S,S,S;S,..... The articial sequence

latent periodicity of the amino acid sequence: S;5,S;5,5,5;S,S,S;- is generated if we search a period equal
[LysArgGlIn][AsnSerVal][lleProAla][MetHysAla] to three amino acids. Thsequence ,...SS;S,...
[AsnGluGIn][LysHysVal]... SS,S...S,.. is created for finding period of length n. The

The brackets show the peds. This &ample sequence !€ngth of the artificial sequence is equal to the length L of
has the following amino acid latent periodicitythe protein sequence to be analysed. The artificial sequences
{(Lys\Asn\lle\Met)(Arg\Ser\Pro\Hys\Glu)(GIn\ValAla)}. The With periods from two to L/2 are compared with the protein
first position of the period has one set of amino acids, tfRAUeNce in question one after another. For example, if we
second position of the period has another. The third posit&##rch a period of length two in the amino acid sequence,
has a set of amino acids that differs from the sets for the &N We compare two sequences:
and second positions. If the sequence is long enough, thet VL1 PWDE ...
latent periodicity can be found to be statistically important. 3132.3132313231_32--; .

Latent periodicity is an integral statistically important Matrix M(20,n) is filled for each comparison. Element
property of an amino acid sequence having a generali®édi) shows the number of i type amino acids (i=1,...,20)
period of some length and a set of used amino acids for eJBaf are situated opposite the lette(jSL....,n) of the artifi-
position of the period. Statistically important similarity betla! Seéquence. o
tween any two periods is low or absent if latent periodicity The measure of a similarity between two compared se-
occurs in an amino acid sequence. An example of an anfiy¢nces is selected as mutual information, calculated from
acid sequence with latent periodicity is shown above. ~ Matrix M(20,n). Double mutual information is distributed as

Many types of latent periodicity may exist for a givert” With 19(n-1) degrees of freedom if a random amino acid
length of a period. To reveal these types of latent periodicii§auence and an artificial sequence are compared; the aver-
by the dynamic programming method, we should test a la value of the mutual information is equal to 19(n-1). If
number of weight matrices foraa(i=1,...,20; j=1,...,20) co- t e mutual mformatlon value is mcreased,'then the probabil-
incidences. Afull test of all possible matrices requires affy Of @ random relation between the amino acid sequence
astronomic time because the number of the latent periodi@f the artificial periodical sequence is decreased [23].
types increases rapidly with increasing period length. ~~However, if the length of compared sequences is insuffi-

The first purpose of this report is to develop a new meth&§nt. then 'ghe double mutual information 2l is not distrib-
for calculation of a function that is, on the one hand, similg{ed asx? with 19(n-1) degrees of freedom. We believe that
to an autocorrelation function and does not require the map-amino acid sequence has insufficient length if the average
ping of the amino acids to numbers and, on the other haYﬁ‘JPe of matrix element M(20,n) is less than five. This is true.
may reveal any statistically important periodicity of an amirfgr compared sequences of length less than 100n, where n is
acid sequence, including latent periodicity. For these p{i€ length of the period to be analysed. In this case, it is
poses we modify the mathematical method that we elaly®possible to calculate the correct estimate of the probabil-
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ity of random creation of latent periodicity using the 2l valuSWISS-PROT data bank, we can consider periodicity of amino
The Monte-Carlo method is used for this estimate for theid sequences with Z 5.8 as statistically important.

case of insufficient length of the compared sequences. WeMNe calculated the spectrum of Z for different period length
generate random matrices that have the same values of X(ilor the analysed protein sequence. This spectrum shows

i=1,...,20 and Y(j), j=1,...,n [24]. the presence of different amino acid periods in the analysed
R protein sequences. The Z(n) spectrum is calculated for pe-

X(i)= Y M(i, j) 1) riod lengths up to L/2. This gives us the chance not only to
7 find the latent protein periodicity, but also all duplications in

" a protein sequence. The Z(n) §pectrum shows the fundamen-

Y@= 3 MG.j) 2) tal frequency and its harmonics as would be shown by an
= autocorrelation function. We can consider the Z(n) spectrum
as a function similar to an autocorrelation function in the

The X(i) value is equal to the number of amino acids 0method of Fourier transformation [8,8t with four essen-
type in the protein sequence. The Y(j) value is equal to fi@l advantages. _
number of S(j) letters in the artificial sequence. 1. The Z(n) spectrum does not require any type of map-
Suppose that we calculate the probability of random sirRing Of the amino acids to numbers. o
larity between two sequences. Let the mutual information 2- The Z(n) spectrum shows any type of periodicity of a
between the compared sequences be I(1) and the malFf¢ein sequencemclucjmg per|od|C|1yW|th similarity between
M(20,n) where 20 is the size of alphabet used for the amRfJiods and latent periodicity. _ o
acid sequence and n is the size of alphabet of the artificial®: The Z(n) spectrum allows Fhe.sllmple estimation of the
sequence. Let the sum of all elements of matrix M be L. Figégtistical importance of the periodicity found.
of all we generate a P1 sequence of length L. The first X(1)4- The Z(n) spectrum is consistent for extremely low
elements of the P1 sequence are equal to one, the elen@Rghs of the analysed amino acid sequences. _
from X(1)+1 to X(1)+X(2) are equal to two and so on. The The set of amino gmds used for each position in a period
last elements from L-X(20)+1 to L are equal to 20. After th&n be different for different sequences and for different pe-
we generate a random sequence P2 of length L. Then'ifi@ lengths. Thespecific type of amino acid presented in
sequence P2 is sorted into ascending rank, moving the v&@eh position of a period may be determined by analysing
in sequence P1 along with the number in sequence P2. L&PgsM(20,n) maix. We can consider the M(20,n) matrix as
introduce the new matrix M’(20,n). The randomised value Bt€ type of periodicity found. _
each M'(i,1) is obtained by computing the number of ones, e use a sliding window with length equal to 1000 amino
twos, threes, etc. in the firstY(1) elements of the P1 sequer@dds for the analysis of amino acid sequences from the
Similarly, the number of each M'(i,2) is obtained by consi@WISS-PROT data bank. Ifthe length of an analysed sequence
ering the number of ones, twos, threes, etc. in the elemdptess than 1000 amino acids, we take the window length
of the P1 sequence from Y(1)+1 to Y(1)+Y(2). The same p,%gual to the Igngth 'of a sequence. Perloqllcr[y can occupy a
cedure is repeated for all sites, resulting in a new data ma@t of an amino acid sequence only. To find the amino acid
M’(20,n) that is randomised but in which the column total§9ion with the most expressed periodicity, we should test all
and row totals are equal to those of the original M matf@sitions of the left and right borders in the window and we
[24]. should calculate Z for each position of the borders. We take a
We generate 500 matrices M'(20,n) for each period lengif¢P for a rough shift of the borders equal to 20 amino acids
from two to L/2. Than we calculate the mutual information fnd select the best positions of the left and right borders. The
for each M’ matrix and determine the distribution F(I"). DisP€St positions produce the maximum value of Z(n). After this
tribution F(I’) shows the number M’(20,n) matrices that [i@€ define the exact border positions by variation of the bor-
in any interval (I-0.5; I'+0.5). It is suitable to take a valu€€rs with a shift of one amino acid. Exact determination re-
Z=(I(1)-I'(average))i/p as a quantitative measure of perigduires about 40x40:1'600 calculatlons.of Z for each pe_r!od
dicity in an amino acid sequence. Here I'(average) is an §R9th. These calculations allow us to find the exact position
erage value of I for many M’ matrices, D is the variance of Pf the amino acid region with periodicity in a window, but
calculated with help of the F(I') distribution. If Z is low orincrease the time of aryais. After analysis of one window
equal to zero, then the similarity between artificial and prBOSition, we move a window on 500 amino acids and repeat
tein sequences is absent and the protein sequence doef'@dt@lculations. We selected all amino acid sequences from
have any periodicity. Normal distribution has been used f§ SWISS-PROT data bank with Z(n)>5.8. _
the estimation of the probability P(Z>X) for X more 5.0 [25{. Time for analysis of amino acid sequence is proportional
We selected protein sequences with a high level of Z. If ZIgLiLoN, for L, > L,, where L, is the length of the amino
equal to 5.8 and more, the probability of revealing of a raffid Sequence to be analysedjd the length of the window
dom periodicity in an amino acid sequence is less thdn 18nd N is the number of periods tested. We analysed periods
We tested our method using random amino acid sequerfé@d two to L/2 amino acids for |.> L,. For example, the
generated artificially. We analysed 5%I@ndom sequencestime for a_naly3|§ of the periodicity qf one sequence o'f length
of length 2000. Z <5.8 was obtained for any case of amik800 amino acids was about 2 minutes for a Pentium 200
acid periodicity in random sequences. For the analysis of EHECESSOr.
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Figure 1 The Z values for different period lengths of artifisequence (b) [31-32] of the SWISS-PROT data bank. The or-
cial sequences for the sequences with perfect periodicity frdmate axis shows the Z value. The abscissa axis shows the
the 110K_PLAKN sequence (a) [30] and the ABA1_ASC$briod length in the amino acids

For determination of the biological sense of the reveal =n(j)/N 3)
latent periodicity, we use a weight method for searching t

periodicity determined by the M(20,n) matrix in the amino o , o
acid sequences with known function in SWISS-PROT ddegre n(j) is the number of occurrences of amino acids in the

bank. We used the M(20,n) matrix for calculation of the p(i§gduence, and N is the total length of the sequence. A Weight-
probabilities for the occurrence of j type of amino acids atd W(i.j) for each amino acid at position i is introduced as:
period position. t(j) is defined as an estimate of the probat(:)=P(.)IN(P(i,)/t()). After determining the weight ma-

ity that amino acid j occurs within the sequence with periix containing elements w(i,j), it is possible to search for
dicity (0<t(j)<1): periodicity in amino acid sequences from the data bank. The
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Table 1 The characterising periods for regions found witthe amino acids sequences with latent periodicity in the cor-
latent periodicity are shown. N— is an arbitrary amino acidesponding protein, the Z value and the characterising pe-
The sequence identifier, the period length, the positionsriold are shown

Sequence Period Coordinates of Z Characterising period
identifier length the sequence with
latent periodicity

E2BE_YEAST 6 382-448 5.8 1 5
GlyAspAsnN—~N—Ile
Leu
DLDH_AZOQVI 19 151-301 5.6 1 5 10
N—N—-=AlaLeuAspLysGINN—N—N—
11 15
ThrGlyN—N—LeuGlyAlalleN—
LY_BPSF6 7 31-151 7.4 1 5

GInAlaArgValSerAspLeu

ThrLysSerlleAsp
FEPA_ECOLI 2 51-601 8.7 1

LeuAsn

Phe

first n amino acids are a(1)a(2)...a(n) observed and the weitylatry by N—. Each position of the characterising period shows

W, of these sequences is determined as: amino acids whose enrichment exceeds the average frequency
n 20 of this amino acid in the réan. The cheacterising periods
w= Y Y w,jddi, j) (4) for some regions with the latent periodicity are shown below.

{=1ja

This is simply the sum of the weightings for the amino aciésults and discussion
present at each position i of the sequence; d(i,j)=1 for j=a(i),

and d(i,j)=0 for all another j. The full sum therefore contai
n weightings. Weselect Z as the measure of the statistic’?'
importance of W.Z=(W-W))/ \/p , where W’ and D is the
middle value and variance of W forseat of random amino
acid sequences with the same amino acid frequencies a
amino acid sequence tested. If the sequence has Z2>6.0

the amino acid sequence is similar to the periodic sequer‘rq1 . . insi ins,
determined by the M(20,n) matrix. ,26,27]. Firstly, we show how our method can reveal per-

We determine the "characterising period” showing ﬂ{(gct periodicity in amino acid sequences. It illustrates the
amino acids forming a latent periodicity. The characterisi wer of the mathematical method and the level of possible

period is generated as folls. Weselect a characterising acid’; n) (I_:lgure 1a and b). The first sequence with perfect perio-
type for each position j in a period. TK&(i,j) value is calcu- dicity !S part of the L10K_PLAKN sequence from SWISS-
lated for all positions of a period using the matrix M(20,n ROT, the sequence contains twelve dlrecF tandem repeats
Let M(i,j) be the element of M(20,n) matrix, n the perio TQNTVEPEQTE [28]_” can be seen_from Figure 1a that z
length and X(i) the number of i type amino acid in the pr as a maximum for n=12 and 2(12.)_‘.14.' The probab-lllty P
tein sequence. Th¥2(i,j) value is calculated for positions or random occurrgncg of such pe”Od_'C'tX can be estimated
with M(i,)>2 and M(ij)>X(i)/n as: to be less that 10° using formula [29]: P=(&Y/(Z J2rr),

! ! where Z1=2. For n=24, 36 and 48 Z is equal to 24.5, 26.6
and 17.1 correspondingly and for n=3, 4, 6, 8 and 9 we have
Z equals to 28, 26.5, 31, 15 and 15.8. The period equal to
twelve amino acids gives rise to these periods and makes
large values of Z. However, Z(12) is the maximum value of

e method developed was applied to reveal the latent perio-
Icity in protein sequences from the SWISS-PROT data bank.
It was found that not less than 10% of all amino acid se-

qyences from SWISS-PROT have regions with latent perio-

S X X

ﬂ@ . Also, we found homological protein repeats and many

X¥(i,))=(M(i,)-X(i)/m) 2 (X(i)/n) (5)

For other positions we tak€2(i,j)=0. We showall amino
acids withX?(l,k) = 4.0 in descending order ¥#(l,k) for all Z for all periods.

positions k with somex?(l,k) = 4.0. If there is no element The second example of perfect periodicity is shown in
X2(i.k)>4.0 for some k, then this position is marked as ari;y re 11 The amino heid se%uencerf)rom the ABAL ASCSU
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Figure 2 Periodicity of amino acid sequences from the SWISS-PROT sequences: (a) BAR_CHITE; (b) APA1_HUMAN;
(c) CGRA_MOUSE; (d) TF3A_RANPI

sequence of the SWISS-PROT data bank [30-32] has thaegino acid repeats and perfect periodicity can be revealed
tandem repda. Thelength of period is equal to 133 amindy our method with extremely high values of Z.

acids and Z(133)=50.6. The period of length 133 amino ac-We tested the periodicity of amino acid sequences from
ids gives rise to Z(7)=11,3, Z(19)=18.5 and Z(38)=8.0. Buttlie SWISS-PROT sequences BAR_CHITE, APA1_HUMAN,

is obvious that the period equal to 133 amino acids has @B8RA_MOUSE and TF3A_RANPI (ure 2). These se-
maximum value of Z. Two examples show that both tandemences contain the amino sequences for the giant secretory
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Figure 3 Z(n) spectrum for different amino acid sequencesdinate axis shows the Z value. The abscissa axis shows the
of the SWISS-PROT data bank: (a) E2BE_AEASJeriod length in the amino acids.
(b) DLDH_AZOVI; (c) LY_BPSF6; (d) FEPECOLI. The

protein, apolipoproteiny-crystallin and transcriptional fac-and 30 amino acids for the CGRA_MOUSE and
tor IIA (TF3A). The positions of sequences found with peFF3A_RANPI SWISS-PROT sequences, respectively. These
riodicity in these proteins are 1-163, 70-254, 37-163 andgeriods for amino acid sequences have been found earlier
209. Thesequences found contain periods equal to elevgR], but for CGRA_MOUSE and TF3A_RANPI the sequence
amino acids for BR_CHITE and AR1_HUMAN and 44 periods are slightly different (44 and 30 in our method com-
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Table 2 M(20,n) matrices for the amino acid sequences with latent periodicity
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Type of Sequence identifiers from the SWISS-PROT data bank
amino acid

E2BE_YEAST DLDH_AZOVI LY_BPSF6 FEPA_ECOLI

Position in period Position in period Position in period Position in period

15 1 5 10 15 1

Lys 000021 0201040001110000101 0200000 1111
Asn 207100 0000100100000000000 1010110 14 30
lle 200016 0110010100100003000 0005111 14 14
Met 000101 0001000000000000000 0000000 35
Thr 000110 2000100020000000130 3320120 17 26
Arg 010020 0000000000012101000 1151020 1320
Ser 121210 2000010100000000011 1241410 16 21
Leu 000023 2103011111013000000 02031011 34 5
Tyr 100000 0000000000000000000 0000000 14 7
Phe 010000 0001011000010010000 0000000 131
Cys 000110 0000000000000000000 0000000 11
Trp 000000 0000000001000000000 0000000 11 4
Pro 000100 0010001112000010000 0000000 713
Hys 001000 0000000000000000000 0001001 34
GlIn 000000 1100003000001100000 2200120 14 8
Val 000200 1011000231301031301 2117001 2110
Ala 120100 0041000012100031011 0310133 17 20
Asp 240110 0000400000120200011 1110440 1521
Glu 000100 0200200000011002020 5010000 1021
Gly 212000 0110002100110400203 1020310 28 33

pared with 43 and 36 in the Heringa and Argos method). TheThese protein sequences have latent periods of length six,
origin of the differences lies in the method of creation of thwo, seven and 19 amino acids respectively. M matrices are
deletions and insertions by the Herirgad Aigos method shown in Table 2. As is clear from these matrices, the set of
[12]. Results obtained by the proposed method agreed veetiino acids used in each position of the latent period found
with earlier results. The Z value is more than 7.0 and shogatains many types of amino acids. However, there are po-
that the periodicity found is caused by similarity betweesitions with uniform amino acid composition. This is almost
periods. In addition, we found periodicity in thehe case for positions three and seven of the latent periodic-
BAR1_CHITE sequence with periods equal to two and 4¥ from the E2BE_YEAST and LY_BPSF6 sequences, re-
amino acids. Wesan thus see that the proposed methodspectively.
capable of finding all periods obtained earlier and some oth-The "characterising periods” for all regions found with
ers. latent periodicity are shown in Table 1. Each site of the char-
In Figure 3 we show several examples of protein regioasterising sequence shows the amino acids forming the la-
with latent periodicity. The positions of regions found witkent periodicity. For example, the third amino acid of the in-
latent periodicity in the corresponding proteins are showntegrated sequence of the DLDH_AZQOVI sequengdasT his
Table 1. Regions with latent periodicity were found in theeans that 3+19k (k=1,2,3,...) positions of the region with
following genes: latent periodicity of the DLDH_AZOVI sequence are enriched
1. translation initiation factor EIF-2B (epsilon subunit) oy Ala. This enrichment exceeds the average frequency of
Saccharomyces cerevisiae from the E2BE_YEAST sequeAd& in the regpn. Wecan assume that the region with latent
[33]; protein periodicity was created by duplications of the elemen-
2. E.coli ferrienterochelin receptor from the FEPA_ECOItary amino acid sequence.
sequence [34]; It is very important to consider the functional meaning of
3. lysozyme of Bacteriophage SF6 from the LY BPSHBe protein regions where latent periodicity has been found.
sequence [35]; We attempted to reveal similar periodicity in the amino acid
4. lipoamide dehydrogenase of Azotobacter vinelandiéquences with known biological sense. We used M(20,n)
from the DLDH_AZOVI sequence [36];. matrices from regions found with latent periodicity as the
base for determination of the weight phes. The léent pe-
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PROT data bank are shown. (a) LPXA_ECOLpgionsfrom E2BE_YEAST, LY_BPSF6 and FEPA_ECOLI were
(b) DYNA_HUMAN; (c) CPXA_ECOLI. The matricesised for the creation of these profiles
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(b) TODA_PSEPU; (c) DHAP_HUMAN. The matrix M(20,19)
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riodicity of the amino acid sequence from translation initishown in Table 1 for the DLDH_AZOVI sequence. In this
tion factor EIF-2B (epsilon subunit) of Saccharomycestudy 19 amino acid repeats were found including fibe
cerevisiae (E2BE_YEAST sequence) is similar to the perfold of NAD*-binding site. The regular alternationfeétruc-
dicity of the LPXA_ ECOLI sequence (Figure 4). The peridures anda-helices can create a latent periodicity of amino
dicity of the LPXA_ECOLI sequence is important for thacid sequences. Duplications of 19 amino acid primary se-
creation of the left-handed paralfhelix in the structure of quence could create the region containing the NBiDding
UDP-N-acetylglucosamine acyltransdse [37]. The perio- site.
dicity of the LPXA_ECOLI sequence contains six and four We tested for the presence of 19 amino acid periodicity of
coils interrupted at two corners by external loops. We can $&&D* regions in amino acid sequences of the SWISS-PROT
in Figure 5 two regions where periodicity similar to M(20,6Jata bank. More than one thousand proteins have similar pe-
matrix is discovered. The first region corresponds to six cailedicity. Most of these regions are observed in NAldes,
(1-90 amino acids) and second corresponds to four coils (1A0P and GTP-binding sites. Three examples of the weight
150 amino acids). Functional sense of the hexapeptide pefiles of 19 amino acid periodicity for ENTA_ECOLI,
peats found in the E2BE_YEAST sequence may be andl®DA_PSEPU and DHAP_HUMAN sequences from the
gous to those of the hexapeptide repeats in the LPXA_ECGWISS-PROT data bank are shown in Figure 5. These en-
sequence and may be conditioned by the interactioff otries contain dihydro-2,3-dihydrobenzoate dehydrogenase
sheets in th@ helices or in the similar structures [37]. [50], ferredoxin NAD reductase [51] and aldehyde dehy-
The periodicity of the lysozyme of Bacteriophage SF&rogenase [52]. Thhigh level of score (Z) present in the
from the LY_BPSF6 sequence [35] is similar to the perioditegions that contain NADsites of these proteins (1-100, 120-
ity from the DYNA_HUMAN sequence [38,39nd corre- 180 and 100-200 amino acids for the ENTA_ECOLI,
sponds to the coiled coil regions of the dynactin (206-50B0DA_PSEPU and DHAP_HUMAN sequences, respec-
920-1029 amino acids in Figure 4). Coiled coil structurésely). It should be noted that similarity between the NAD
typically show the heptad motif abcdefg where the a andsites from the DLDH_AZOVI and from the ENTA_ECOLI,
positions are chiefly occupied by apolar residues, the e and@PA_ PSEPU and DHAP_HUMAN sequenceshsent. We
positions contain charged amino acids [40-#8 M(20,7) propose that 19 amino acid periodicity of the NAdlle is
matrix for periodicity in the lysozyme from the LY_BPSF&mportant for creating a specific conformation of this site. It
sequence is typical for the heptad periodicity in coiled cdsl possible that 19 amino acid periodicity is a specific amino
[40,41]. We popose that heptad periodicity may be impogcid code of the NAD binding sites of many known pro-
tant for creation of the protein structures by the interactitgins.
of a-helices. Heptad periodicity in protein sequences was The mathematical method developed can find all cases of
found as 3,5 amino acid periodicity by Fourier transforma-perfect periodicity (without deletions and insertions) and
tion methods and significant 3,5 amino acid periodicity f@ome more diverged periodicity than can be found by the
the a-helix formation was also revealed earlier [4,8]. methods using Fourier transformation or algorithmic ap-
Two amino acid periodicity of the E.coli ferrienterocheliproaches. If the Z value lies between 5.8 and 7.0, we usually
receptor from the FEPA_ECOLI sequence is found by weidimd latent periodicity. If the Z value lies between 7.0 and
profile in the CPXA_ECOLI sequence that contains the seit.0, we usually find imperfect homology periodicity. We
sor protein cpxA of E.coli [44,45The region from the eighth find perfect homology periodicity faz>15.0. The pplica-
to the 30th amino acid is a transmembrane domain of cpt@n of this method to analysis of amino acid sequences can
protein and the periodicity of this sequence is similar to theveal cases of a periodicity that could be missed by earlier
periodicity of the ferrienterochelin receptor (Figdle We methods (5.8<Z<7.0).
tested the entire SWISS-PROT data bank and found moreAn insufficiency of the developed method in its present
than 400 transmembrane regions from different proteins thain is the impossibility to find periodicity with deletions
have two amino acid periodicity of this type. We did not findnd insertions. Because insertions and deletions occur very
this periodicity in thé-structures outside the transmembranaften, the majority of regions with latent periodicity will not
regions. We mpose that this type of two amino acid peridbe revealed by the present method. We consider 10% as the
dicity may be a common property of some transmembrdo@est quantity of protein sequences with latent periodicity.
domains. Itis possible to modify the method of latent periodicity search
The region with latent periodicity in the DLDH_AZOVIin cases of low numbers of deletions and insertions (no more
sequence includes the NADindingsite of the lipoamide than one insertion or deletion per 50 amino acids) and we are
dehydrogenase [36]. The NAIInding site is a highly con- developing the improved method now. In its present form
served protein structure that occurs in mamytgins. The our method could become a good addition to existing meth-
region containing the NADbinding site includesiura-heli-  ods for the search of very ancient tandem diverged repeats in
ces and sig-structures, but variations in the number of struemino acid sequences.
ture elements are possible [46,4The precise structure of A method for discovering latent amino acid periodicity
the NAD*-binding site includes 32 amino acids and contaihad also been developed earlier [4]. However, it can find la-
apap-fold [48,49]. Eleven rules describe the types of amirtent periodicity only when the sequence has the same set of
acids that should occur at the specific positions in this pegged amino acids for all positions of the period. Moreover, it
tide fragment [48]. The rules differ from that of the matriis necessary to know the set of used amino acids before a



114 J. Mol. Model.1999,5

protein sequence can be analysed by this method. One shafldHeringa, J.; Argos, Proteins1993 17, 341.

make very complicated calculations in this case, because1BeHuang, X.; Hardison, R.C.; Miller, V\Comput. Aplic.

number of possible sets of used amino acids in all positionsBiosci 1990,6, 373.

of periods is very high. Analysis of a large number of setsf. Lawrence, C.E.; Alt$wl, S.F.; Boguski, M.S.; Liu, J.S;

used amino acids is required and it is hardly attainable, evenNeuwald, F.; Whotton,.C. Sciencel993 262, 208.

for modern powerful computers. Our autocorrelation funés. Benson, G.; Waterman, [Sucl.Acid Res1994 22, 4828.

tion calculation allows us to find any type of protein perid6. Benson, GJ.Comput. Bial1997, 4, 351.

dicity without assumptions about sets of used amino acidé Herzel, H.; Grobe, Physica A1995 216, 518.

before calculations and obtained sets of used amino acidsl®rNeedleman, S.B.; Wunsch, CIMol.Biol. 197Q 48, 443.

different positions of a period may be diffat. These ad- 19.Korotkov, E.V.; Korotkova, M. ADNA Sequencé&995

vantages are obtained by using a matrix M(20,n) and the5, 353.

mutual information as the measure of correlation of the amip@. Korotkov, E.V.; Phoenix, [A. Proceedings of Pacific

acids and the letters of the artificial periodical sequences. Symposium on Biocomputing;9¥ord Scientific: Maui,
Thus, the results obtained show that latent periodicity of- Hawaii, USA, 1997; p 222.

ten exists in protein sequences. Latent periodicity has b@dnKorotkov, E.V.; Korotkova, M.A.; Tulko, J.SComput.

found in DNA sequences of different genes [19-21]. It is pos- Appl. Biosci 1997, 13, 37.

sible that significant part of coding regions has latent peri22. Korotkov, E.V.; Korotkova, M. ADNA Research1996

dicity. The meaning of a found periodicity may be different, 3, 157.

in some cases latent periodicity can be related with the 1&®s Kullback S.Information theory and statisticdViley:

of a protein spatial organisation. We can assume that severalLondon, UK, 1959.

alternating of3a-folds and some other protein structures r@4. Roff, D.A.; Bentzen, Bviol.Biol.Evol 1989 6, 539.

quire latent periodicity of amino acids sequences. Peridts Hudson, J.DStatistics for physicaMIR: Moscow, 1967.

can be considered as elementary "bricks” of certain prot@ié. Heringa, JJ. Comput.Cherml994 18, 233.

structues. We sugest the existence of different codes th&t7.Heringa, J.; Taylor, VR. Current Opin. in Struc.Bio]

can be written in protein sequences and can determine amind.997, 7, 416.

acid structures and biological functions. This idea was p28. Perler, F.B.; Moon, A.M.; Qiang, B.Q.; Meda, M. Dalton,

posed earlier [8]. In our cases pair amino acid periodicity M.; Card, C.; Schmidt-UllrichR.; Wallach, D.; Lynch,

may code some class of transmembrane regions of proteins).; Donelson,.E.;Mol. Biochem. Parasitoll987, 25, 185.

19 amino acid periodicity may code a wide class of NAR9. Feller, W.An introduction to probability theory and its

binding sites, heptad periodicity code tlehelices and applications Wiley: New-York, USA, 1970.

hexapeptide periodicity determine the protein structures whate Christie, J.F.; Dunbar, B.; Davidson, I.; Kennedy, M.W.

the specific interactions betweprsheets determine the pro- Immunology 199Q 69, 596.

tein structure. 31.Spence, H.J.; Moore, J.; Brass, A.; Kennedy, MAA.

Biochem. Parasitol1993 57, 339.
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