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An open question in computational molecular biology is whether long-range correlations are
present in both coding and noncoding DNA or only in the latter. To answer this question, we
consider all 33301 coding and all 29453 noncoding eukaryotic sequences—each of length larger
than 512 base pairs (bp)—in the present release of the GenBank to determine whether there is any
statistically significant distinction in their long-range correlation properties. Standard fast Fourier
transform (FFT) analysis indicates that coding sequences have practically no correlations in the
range from 10 bp to 100 bp (spectral exponent 3 = 0.00+0.04, where the uncertainty is two standard
deviations). In contrast, for noncoding sequences, the average value of the spectral exponent 3 is
positive (0.16 £ 0.05) which unambiguously shows the presence of long-range correlations. We also
separately analyze the 874 coding and the 1157 noncoding sequences that have more than 4096 bp
and find a larger region of power-law behavior. We calculate the probability that these two data
sets (coding and noncoding) were drawn from the same distribution and we find that it is less
than 107'°. We obtain independent confirmation of these findings using the method of detrended
fluctuation analysis (DFA), which is designed to treat sequences with statistical heterogeneity, such
as DNA’s known mosaic structure (“patchiness”) arising from the nonstationarity of nucleotide
concentration. The near-perfect agreement between the two independent analysis methods, FFT

and DFA, increases the confidence in the reliability of our conclusion.

PACS number(s): 87.10.+e

I. INTRODUCTION

Recently, Peng et al. [1] observed long-range power-law
correlations of nucleotides in DNA sequences. Apply-
ing to 24 different sequences the technique of mapping
DNA onto a random walk, they found that the noncod-
ing sequences (introns and intergenic sequences) display
long-range correlations while coding sequences do not.
Similar observations were reported independently by Li
and Kaneko [2], who applied standard Fourier analysis
to a sample consisting of seven genes. Subsequently, the
observation of long-range power-law correlations was con-
firmed by Voss [3], who studied all coding and noncod-
ing sequences longer than 512 base pairs (bp) from the
entire GenBank using power spectral analysis with sub-
traction of the white noise level. However, Voss failed
to detect any statistically significant difference between
long-range correlation properties of coding and noncod-
ing sequences. The goal of the present article is to resolve
this discrepancy between the results of Refs. [1,2] and
Ref. [3] by answering the the question: Are the long-range
correlation properties of coding and noncoding sequences
different? This question is important because of its im-
plications for understanding the structure and evolution
of DNA [4-9,15], as well as for practical considerations in
distinguishing coding and noncoding sequences [10,11].
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II. METHODS

To resolve this fundamental issue, we systematically
applied two different scaling methods to all coding and
noncoding sequences larger than 512 bp in the GenBank
release of 15 August 1994. The first method is a stan-
dard power spectrum analysis used by Voss [3], but with-
out the ambiguous procedure of subtracting the “white
noise” level. The second method is the detrended fluc-
tuation analysis (DFA) method developed by Peng et al.
[12], which is a modification of a standard rms analysis
of a random walk. The advantage of the DFA method
over the original analysis method of Peng et al. [1] is that
without eliminating true power-law correlations, it sys-
tematically corrects the results for nonstationarity of nu-
cleotide concentration (so-called DNA patchiness), which
may cause spurious correlations [12].

A. Mapping rules

A nucleotide sequence {n;} (: = 1,2, ..., L) of length L
is comprised of the base pairs A (adenine), C (cytosine),
T (thymine), and G (guanine). In order to apply numer-
ical methods to a nucleotide sequence, we first prepare
seven numerical sequences {u;}, corresponding to seven

5084 ©1995 The American Physical Society



51 LONG-RANGE CORRELATION PROPERTIES OF CODING AND. .. 5085

ways of mapping the original nucleotide sequence onto a
one-dimensional numerical sequence.

(i) Purine-pyrimidine (RY) rule. If n; is a purine (4
or G) then u; = 1; if n; is a pyrimidine (C or T') then
U; = —-1. i

(ii) AA rule. If n; = A then u; = 1; in all other cases
U; = —1.

(i) TT rule. If n; = T then u; = 1; in all other cases
u; = —1.

(iv) GG rule. If n; = G then u; = 1; in all other cases
Uu; = —1.

(v) CC rule. If n; = C then u; = 1; in all other cases
U; = —1.

(vi) Hydrogen bond energy rule (called the SW rule,
[18]). u; = 1 for “strongly bonded” pairs (G or C);
u; = —1 for “weakly bonded” pairs (A or T).

(vii) Hybrid rule (called the KM rule, [13]). u; =1 for
AorC;u;=—1for Gor T.

The RY rule has been perhaps the mostly widely used
rule, but the other rules have also been applied [1,3,11].
We have also considered other rules: e.g., each base pair
can be weighted by any characteristic of that base pair,
so u; can be any number, e.g., molecular mass, hydropho-
bicity, etc. (see also [2,14,15]).

B. Fast Fourier transformation method

For a fast Fourier transformation (FFT) analysis, we
divide each sequence of L nucleotides into K = [L/N]
nonoverlapping subsequences of size N = 512 starting
from the beginning and K nonoverlapping subsequences
starting from the end of the sequence. For each subse-
quence we compute the Fourier transform

N-1
g5 = Z ug, exp(ikf27 /N) (1a)

k=0

and the power spectrum

S(f) = las|* + lav—sI*. (1b)

Then we average S(f) over the K subsequences of a given
sequence, obtained from starting at one end, and K sub-
sequences starting from the other end.

If a sequence has long-range power-law correlations,
then

S(f)~f7* (2)

and consequently a log-log plot of S(f) versus f is a
straight line with slope —3. This analysis was performed
by Voss [3]. Voss found that for almost all sequences this
line is not straight but has a changing slope. In order to
make it straighter he applied the procedure called white
noise level subtraction. Then he computed 3 as a slope
of a linear fit to an arbitrarily selected part of the result-
ing data. Voss selected a variable fitting range including
in some cases the lowest possible frequencies (as low as

10~* bp). We exclude such low frequencies in our analy-
sis (see the discussion of our procedure below) since the
average protein coding sequence is only several hundred
bp in length. Also, the procedure used by Voss involves
several unknown parameters (including the white noise
level as well as the fitting range), which strongly affect
the resulting value of # and thereby render problematic
any systematic comparison of correlation properties of
coding and noncoding sequences.

An alternative approach that we have developed is to
identify the physical and biological factors that cause the
changes of the slope of the power spectra and then to
select a fitting region where the slope of the data is less
affected by these factors. It is important that this region
should be the same for coding and noncoding sequences
and for all groups of organisms. For reasons described
below, we select a fitting region from f = 0.012 bp~!
to f = 0.097 bp~! and compute 3 as the slope of the
least-squares linear fit in this region.

We analyze all coding and noncoding sequences of
the current GenBank release, subdividing them into
large groups of organisms including plants, invertebrates,
mammals, rodents, and primates. We restrict our analy-
sis to studies of eukaryotic DNA sequences. In prokary-
otes such as bacteria or phages, almost ail of the genome
is coding and the noncoding regions are often ambigu-
ously identified. For the same reason we exclude from
our analysis the sequences of chloroplasts and mitochon-
dria [16].

For each group we compute the weighted average

M M
=1 =1

and the variance

M M
of = Z(,Bi - B)*L; ZLi, (3b)
=1

i=1

where (3; is the value of 3 for each sequence, M the num-
ber of sequences in each group, and L; the length of each
sequence.

C. Detrended fluctuation analysis

In Ref. [1], a2 “min-max” method was proposed to
take into account “nucleotide heterogeneity.” A poten-
tial drawback of this method is that it requires the in-
vestigator to judge how many local maxima and min-
ima of a landscape to utilize in the analysis. In [12] we
presented another method—detrended fluctuation analy-
sis—that is independent of investigator input and per-
mits the detection of long-range correlations embedded
in a patchy landscape and also avoids the spurious de-
tection of apparent long-range correlations that are an
artifact of patchiness.

The original DFA method comprises the following
steps.

(i) For each numerical sequence {u;} compute a run-
ning sum





















