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STATISTICAL PATTERNS IN PRIMARY

STRUCTURES OF THE FUNCTIONAL REGIONS

OF THE GENOME IN Escherichia coli.

I. FREQUENCY CHARACTERISTICS
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The frequency of mono- and dinucleotides is analyzed in sequenced fragments of the ~ .2ill
genome of 135,000 nucleotides total length. It is shown that DNA regions differing in func-
t[onal properties also differ in the correlation parameters of neighboring nucleotides. Fur-
thermore, it [s noted that correlation characteristics in the coding regions of ~ ..QQ!i. DNA are
periodically dependent upon the position occupied by neighboring nucleotides with respect to
the initiating codon. We discuss the evolutionary significance of the patterns found, as well as
their potential use in the special statistical models of nucleotide sequences necessary for de-
veloping algorithms for the computer recognition of functional units [n the genome.

The development of methods for the rapid sequencing of nucleic acids was soon followed by the active
study of the statistical properties of their primary structures (1-11). This research direction is closely as-
sociated with the use of computer data bases for the analysis of a common problem -determining the relation-
ship between the physical structure and biological functions of DNA. This already quite familiar approach in-
volves the search among elements of the data base for the nucleotide sequence completely or partially homo-
logous to an earlier-3pecified DNA fragment. Information available on this sequence would permit progress
(sometimes c.uite substantia~ (12]) in the study of the functional properties of the primary structure of interest.
As the volume of data bases expands this methods ever more effectively reduces the expenditures for bio-
chemical experiments. However, on the other hand, computational problems arise associated with the search
for homologies throughout the bank.

It would doubtless be usefulto turn to a relatively small number of "integral" characteristics of nu-
cleotide sequences, the comparison of which would be sufficient for solving the problem of the functional
classification ("recognition of function" ) of a particular fragment. It is natural to assume that these charac-
teristics would be of substantial physical and biological significance; therefore their search, study, and inter-
pretation is of independent interest.

,
A large number of such "integral" parameters can be obtained from a statistical analysis of DNA pri-

mary structures (1, 2, 10]. The frequencies of mono- and dinucleotides, examined in the present paper, are
also characteristics of this type.

It should be noted that the opinion is encountered in the literature that the statistical rules of alternation
of nucleotides in DNA primary structures (which are reflected in the nucleotide frequencies) are stable ;
throughout the genome of each organism [ 4, 5, 8, 9) and even partially explain the phenomenon of the selection
of synonymous codons (6, 7, 13). The results obtained here as well as in the work of Sl!lith et al. [101 enable
arnuments to be made in support of the opposite viewpoir.Lo

METHODS AND RESULTS

The sample of nonoverlapping ~ ~ DNA fragments of a total length of 135,000 nucleotides was taken
from the third edition of the EMBL nucleotide sequence bank. The coding and non coding DNA fragments formed
two subsamples of 79,900 and 42,600 nucleotides length, respectively. All results presented below were ob-
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.TABLE 1. Frequencies of Nucleotldes (fa) and Mean

Squared Errors or Detennlnatlon of These Quantities
( a) Cor Various Samples of Nucleotide Sequences

Sample

E. coli as whole

Co""iiTng regions

Noncoding regions

0,24:\
0,231

0,259

0,243
0,251

0,231

0,252
0,246

0,261

0,262
0,272

0,248

0,oat2
O,oatS

0,0020

tained by a computer analysis of the foregoing masses of information.

We introduce essential definitions.

By the frequency fa of a nucleotide oftype a is understood, as is usual, the ratio of the number N (3 )
of nucleotides of type a present in a given sequenc,e to the total length of the sequence. The fa quantities
(which are more logically indexed by letters rather than numerals, i.e., a = T, C, A, and G) .are presented in

Table I. Their values confirm the known fact that the content of C and G is higher in coding regions than the
content of A and T, and vice versa in noncoding regions.

The number of dinucleotides of type ab found in some group of M nucleotide sequences of a total length
of N nucleotides is designated by N ( ab) .We shall examine a very simple statistical model according to
which the appearance of the nucleotides a and b in neighboring positions is due to independent causes. On
the basis of -!his model, the expecte;d number of dinucleotides of typ~ ab is (N -M -1) .f a .fb; this number is
designated N (ab). We note that the mean squa~ed deviation of the N (ab) is (N~b»V2.Figure 1 presents the
quantities D(ab) = (N(ab) -N(ab»;{N(ab»1/2 for all 16 possible .zb dinucleotides. Figure la refers to the

entire set of!;..-2Q!! DNA fragments; lb, to the sample of noncoding regions; and lc, to the sample of coding

regions.

If the samples under examination were described by the simplest statistical model, the corresponding
quantities t= ~[D(ab)]. would have a x.2 distribution with nine degrees of freedom (xi). In fact, the t

ab
quantities for cases la, b, and c are 2,986, 2,461, and 616, respectively. The values obtained are "great" in
the sense that they appear to reject the null hypothesis with a probability very clo~e to one. In such situations
both here and later we restrict ourselves to a level of significance of "no less than 0.999." Thus, the ob-
tained result indicates the existence of a relationship between neighboring nucleotides in E. coli DNA both incoding and in noncoding regions. --

As correlation parameters we shall use the magnitudes of the probabilities of appearance of a nucleo-
tide of type b after a nucleotide of type a, i.e., the conditional probabilities p (b I a) .Their approximate
values ~ (b 1:1 ) are calculated from the fonnulas p (b I a) = N (ab )IN ( a) , a, b = T, C, A, and G. These quanti-
ties are presented for the three samples of~. .QQli nucleotide sequences in Table 2.

It is easily verified that the fa frequencies satisfy the system of equations

~>LJP(bla).fll=fbo , (11
II

This means that the data presented in Table 2 can be considered as three matrices of transitional probabili-
ties p (b I a) for unifonn first order Markov chains, which are the next, more complfcated means for statis-
tically describing nucleotide sequences compared with the simplest model. In a unifonn Markov model, fa
represents the approximate values of the so-cailed final probabilities Pa of the chain states, which in the
given case are T, C, A, and G.

>
Clearly, the p (b I a) quantities, calculated for the overall sample (Table 2, A), should occupy some ,

intennediate position with respect to the corresponding quantities pN (b 1:1 ) and pC (bl a) from Table 2, B
and C, which, as is easily shown, is the case. The foilowing considerations can be used to answer the ques-
tion of the possibility of a statistically significant agreement between correlation parameters of neighboring
nucleotides for both the coding and noncoding regions.

We define the quantities tCN and tNC, where C is the index of coding regions and N is the index of
noncoding regions, by the equations:
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TABLE 2. Conditional Probabilities p (b I a) for ~ .QQ!!. DNA

~

Coding region (C),
~.
c

E
iL'

second nucleotide

G

T 1°.267 ~0.235 1°.t85 iO.309 1°.309 ~0.22°1°.208 0.266 ~0.234 1°.24i 0.173 ~ 0.346 C 0.235 0.222 0.25t 0.296 0.234 0.234 0.273 0.264 0.231 0.215 0.235 0.3t9

A 0.242 0.222 0.325 1°.214 0.253 0,207 0.3t8 1°.222 0.232 0.236 1°.329 0.207
G 0.229 0.294 0.244 0.233 0.238 0.2700.246 0.246 0.224 0.305 0.243 0.22S
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Fig. 1. Shift in dinucleotide frequency: a) relates to whole
set of J';:.. .£Q!i DNA fragments; b) .to sample of noncoding

regions; c), to sample of coding regions.

tNC= ~(~ (ab) -NI-l (a) .PC(b I a»/(NN(a).PC (b I a»Y',

ab

tCN= ~(NC(ab) -jf (a).P'(b I a»/(NC(a).P'(b I a»\~ .

ab

If the chatacter of the dependence of neighboring nucleptides in coding and noncoding regions is identi-
cal' random tN and tCN quantities should have a Xf2 distribution [14). The actual tNC and tCN values are
1.556 and 1,568, respectively. Thus. the hypothesis of the agreement of correlation characteristics is re-
jected with a probability of no lEIsS than 0.999. We note that this conclusion contradicts a conclusion made

earlier [4. 5).

We now move to a more detailed study of the statistical prOperties of the nucleotide sequences from
coding regions. The available experimental material is sufficiently large and permits the determination of
the statistical characteristics of the frequency of mono- and dinucleotides as a function of the position they
occupy relative to the initiating codon. The multitude of all possible positions is broken down into groups.
termed "frames." For exampl~. nucleotides located at pnsitions 1 + 3c, c: 0, 1. ...form the first mono-
nucleotide frame; moreover, positions with c = ° correspond to the first nucleotide of the initiatin~ codon.
Nucleotides found in positions 2 + 3c. c = 0. 1. ...forn1 the second mononucleotide frame, while those found



TABLE 3. Po&itlonal Frequencies of Nucleotldes

a
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Fig. 2. Shift in positional frequency of dinucleotides: a)
first dinucleotide frame; b and c) second and third
frames, respectively.

in positions 3 + 3c, c = 1, 2, ...form the third. Analogously, nucleotides found in positions 1 + 3c, 2 + 3c, c =

0, I, ...form the first dinucleotide frame, and so on. By the frequency of nucleotide a in the ith mononucleo-
tide frame f~ is understood the ratio of the number of nucleotides of type a to the total number of nucleo-
tides (N/3) present in the given frame. The values of fi, i = 1, 2, 3, are presented in Table 3. The pos'sible

a
random error in the determination of these frequencies is estimated by the quantity u, equal to 0.008. It is
easily seen that the obtained frequencies indicate an uneven distribution of nucleotides of various types among
frames, which was noted earlier [15, 16}. In Table 3 those quantities that deviate most from the average fre-
quency of a given type of nucleotide in the coding regions are underlined.

These deviations may be associated with various factors. Thus, the decline in the content of T in the
first frame and of A in the third is due to the prohibition of the codons -TAA, TGA, and TAG. The increase in
the content of G in the flrst frame and of C in the third emphasizes the preferential use of codons of the
RNY type (R denote purine and Y, pyrimidine), which was earlier pointed out byShepherd [] 7] and is associated
wlth characteristlcs of the "primeval" genetic code. The relative increase in the content of T in the second
frame may be due to the periodic series of synonymous codons coding nonpolar amino acld residues incor-
porated in the a helices of protein molecules [18]. Finally, the increase in the content of A and the de"cline
in the content of G ln the second frame ls apparently due to the fact that the 14 codons with A in the second
posltlon correspond to seven amino acids, while the 15 codons containing G in the second position code only
five dlfferent amino aclds.
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