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Abstract. We use the wavelet transform to investigate the fractal scaling properties of coding and non-
coding human DNA sequences. We find that the strength of the long-range correlations observed in the
introns increases with the guanine-cytosine (GC) content, while coding sequences show no such correlations
at any GC content. However, we demonstrate that long-range correlations can be detected when the coding
sequences are undersampled by retaining the third base of each codon only. This strongly suggests that
the observed correlations are not likely to be due to insertion-deletion mechanisms. We comment about
the origin of these correlations in terms of putative dynamical processes that could produce the isochore
structure of the human genome.

PACS. 87.10.+e General, theoretical, and mathematical biophysics (including logic of biosystems,
quantum biology, and relevant aspects of thermodynamics, information theory, cybernetics, and bionics)
— 05.40.4j Fluctuation phenomena, random processes, and Brownian motion — 72.70.4+m Noise processes

and phenomena

The immense progress made recently in molecular bi-
ology has revealed that genomes are of extraordinary com-
plexity [1]. The sequencing of DNA has shed some light on
one of the main characteristic features of the genome or-
ganization namely its local and global compositional het-
erogeneity. The possible relevance of scale invariance and
fractal concepts to the structural complexity of genomic
sequences is the subject of considerable increasing inter-
est [2]. During the past few years, there has been intense
discussion about the existence, the nature and the origin of
long-range correlations in DNA sequences. Different tech-
niques including mutual information functions [3], auto-
correlation functions [4], power spectra [5], “DNA walk”
representation [2,6], Zipf analysis [7] were used for sta-
tistical analysis of DNA sequences. But despite the ef-
fort spent, there is still some continuing debate on rather
struggling questions. In that respect, it is important to
corroborate the fact that the reported correlations are
not just an artefact of the nonuniformity in composition
of genes [4,8]. Furthermore, it is still an open question
whether the long-range correlation properties are differ-
ent for protein-coding (exonic) and noncoding (intronic,
intergenic) regions of a nucleotide sequence [2-7,9].
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One of the main obstacles to long-range correlation
analysis in DNA sequences is the mosaic structure of these
sequences which are well known to be formed of “patches”
(“strand bias”) of different underlying composition [10].
These patches appear as trends in the DNA walk land-
scapes and are likely to introduce some breaking of the
scale invariance [8]. Recently, the wavelet transform (WT)
has been proposed as a very powerful technique for fractal
analysis of DNA sequences [11]. By considering analyzing
wavelets that make the “WT microscope” blind to low-
frequency trends, one can reveal and quantify the scaling
properties of DNA walks. In a preliminary work [11], by
applying the so-called wavelet transform modulus maxima
(WTMM) method to the analysis of various genomic se-
quences mainly selected in the human genome, we have
found that the fluctuations in the patchy landscapes of
both coding and noncoding DNA walks are homogeneous
with Gaussian statistics. The main consequence of this re-
sult is the justification of using a single exponent, namely
the Hurst or roughness exponent H, to characterize the
fractal underlying hierarchical organization of DNA se-
quences. Moreover, the WI'MM method [11] has provided
strong indications that the fluctuations in noncoding re-
gions behave like fractional Brownian motions (H > 1/2),
whereas those of coding regions cannot be distinguished
from uncorrelated Brownian walks (H = 1/2). The aim
of this Letter is to push further this analysis and to show
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Fig. 1. DNA walk representation of one intron (L = 2530)
of the human MHC class II HLA-DC-BETA gene: (—) Purine
(AG)- Pyrimidine (CT) distinction, (—) Weak (AT)- Strong
(GC) coupling distinction, (~-) Amino (AC)- keto (GT) dis-
tinction.

that the situation is not that dichotomous since long-range
correlations are also present in exons and CDSs but some-
how hidden in their inner codon structure. Moreover, we
will provide evidence that these correlations, as well as
those found in introns, are related to the GC content of
the considered sequence.

We concentrate our study on the statistical analysis of
121 DNA sequences selected in the human genome, with
the requirement that their overall length L be greater than
2000 nucleotides, so that the range of scales available to
fractal scaling be large enough to make the analysis mean-
ingful with respect to finite-size effects. We took the se-
quences from the EMBL data bank and processed sep-
arately 47 coding (individual exons, CDSs) and 74 non-
coding (individual introns) regions. To graphically portray
these sequences, we follow the so-called “DNA walk” anal-
ysis [6] which requires first to convert the four-letter (A, C,
G, T) DNA text into a binary sequence (i), by replacing,
for example, each purine (A, G) by +1 and each pyrimi-
dine (C, T) by —1. The graph of the DNA walk defined
by the cumulative variable f(z) = >°7_; x(i) is plotted in
Figure 1 for one intron (L = 2530) of the human MHC
class IT HLA-DC-beta gene. As illustrated on this figure,
in order to test the robustness of our results with respect
to the chosen binary coding, we will systematically repeat
our analysis for the two complementary pair-base iden-
tifications [9], namely strong (C, G) versus weak (A, T)
bonding distinction and the hybrid rule which consists in
identifying (A, C) and (G, T). Note that the low frequency
trends that appear in the corresponding noisy patchy land-
scapes are clearly code dependent. To investigate the frac-
tal scaling properties of a DNA sequence, we apply the
WTMM method [12] which is a natural generalization of
the classical box-counting technique, the wavelets playing
the role of “generalized oscillating boxes”. This amounts
first to wavelet transform the graph f(z):
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where z is the space parameter, a (>0) the scale parameter
and ¢ the analyzing wavelet. In order to break free from
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the intrinsic patchiness of DNA sequences, we will use as
d2

analyzing wavelet, the Mexican hat () (z) = Fe_%‘”Q)
x

that has two vanishing moments [11]. Since the observed
trends are mainly linear, higher order wavelets yield sim-
ilar results. A partition of the space-scale half-plane is
provided by the WT skeleton S(a) defined, at each scale
a, by the set of all the points x; that correspond to local
maxima of |Ty(x,a)| considered as a function of x. A sta-
tistical characterization of the fluctuations in roughness of
a multifractal landscape, can be achieved by investigating
the scaling behavior of some partition functions [11,12]:

Z(q,a) = Z |T¢(xi7a)|q ~ aT(Q)7 (2)
z;€S(a)

where ¢ € IR. Then by Legendre transforming 7(g) one
gets the singularity spectrum D(h) = min,(¢gh — 7(q)),
defined as the fractal dimension of the set of points x
where locally the roughness exponent is h. As originally
revealed in reference [11], the fluctuations in DNA land-
scapes are homogeneous as characterized by a linear spec-
trum 7(q) = ¢H —1, where H is the Hurst exponent. A test
of this monofractality consists in checking that H(q) =
lim,_, o+ logy[(aZ(q, a))i]/ log, a actually does not depend
on q. As pointed out in reference [12], there is an alterna-
tive way to proceed which requires first the computation of
some Boltzmann weight: Ty (q, z;, a) = |Ty(zs,a)|9/Z(q, a),
from which one can calculate:

h(qva) = Z Tw(Q7mi7a) log2(|T¢(xi,a)|).
z;€S(a)

3)

Then, one can estimate the generalized roughness expo-
nents h(q) = 97/9q = lim,_,o+ h(g,a)/logy a, and check
whether the fluctuations are homogeneous (h(q) = H, Vq)
or multifractal (h(q) dependent on g). Since the estimates
of the roughness exponent H from respectively H(q) and
h(q) yield similar results, we will concentrate, in the fol-
lowing, on the computation of h(q).

We report in Figure 2, the results of the application
of the WTMM method when averaging respectively over
our statistical samples of 74 introns and 42 CDSs. To sys-
tematically examine the effect of variations in GC content
on the scaling properties, some care is needed in the av-
eraging procedure in order to remove the bias induced
by the nonuniform distribution of GC content in our sta-
tistical sample [13]. The results obtained for the mean
generalized roughness exponents h(g) confirm the obser-
vations reported in reference [11]: h(g) does not display
any significant g-dependence for —2 < ¢ < 2, corrob-
orating the fact that the fluctuations in coding as well
as noncoding DNA walks are homogeneous. When us-
ing the purine-pyrimidine coding, on a range of scale ex-
tending over about a decade (from a size of 15 to about
150 nucleotides), h(g,a) computed as averages over both
CDSs and introns display a quite convincing scaling be-
havior: h(g,a) ~ Hlogya with H = Hg = 0.50 £ 0.01
and H = Hyc = 0.58 £ 0.02 respectively. This distinc-
tion is enlightened if we plot, as in Figure 2a for ¢ = 0,
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tions as non coding sequences. As illustrated in Figure 2b,
similar results are obtained when considering the weak-
strong bonding coding: we get Hnyc = 0.62 £+ 0.04 and
Hc = 0.53 +0.03. Note that the agreement between the
Ah(g = 0,a) data for respectively the third coding subse-
quence and the introns is again rather good. The data for
both the first and the second coding subsequences do not
display a similar dependence wversus log, a. One actually
gets Hop = 0.52+0.02 and Hee = 0.5440.02, i.e., values
that are very close to Hc, while Hog = 0.63+0.04 ~ Hnc.
In Figure 2c are reported the results obtained when con-
sidering the hybrid coding (A, C) versus (G, T). In that
case, one gets Hyco = 0.58+0.03 and Hc = 0.5140.01, i.e.,
values that are quite consistent with previous estimates.
While the effect seems to be still present, the hybrid cod-
ing is undoubtedly the coding for which the long-range
correlations do not emerge very clearly in the third cod-
ing subsequence.

In Figures 3 and 4 are reported the results of a simi-
lar statistical analysis with the purine-pyrimidine coding,
when classifying the DNA sequences into categories that
correspond to a given GC content. The idea of looking
for a link between the correlation properties and the GC
content of the sequences results from the remark that the
WTMM method indeed fails to distinguish a few introns
from actual exons [11]. For example, two introns of the hu-
man factor XIIIb subunit gene (L = 9952 and L = 2874)

Fig. 3. Ah(q,a) = h(g,a) — 0.5log, a versus log, a (Eq. (3))
for ¢ = 0, as computed for a given GC content of the DNA
sequences and using the Purine-Pyrimidine distinction. (a) In-
trons: (= ) GC% = 316 + 04, L = ZZ L; = 15210 nu-
cleotides; (---) GC% = 48.6 + 1.0, L = 17137; (—) GC% =
63.3 £ 0.9, L = 10449; (e) intron (nb 8) of the human fac-
tor XIIIb subunit gene with GC% = 31.2, L = 2874. Coding
subsequences relative to position 1 (b), 2 (c) and 3 (d) of the
bases within the codons: () GC% = 38.1 £+ 2.9, L = 4759;
(---) GC% = 50.8 + 2.8, L = 28521; (—) GC% = 62.5 + 2.1,
L = 16558; (o) exon (nb 26) of the human apoB-100 gene with
GC% = 41.0, L = 7571. Same analyzing wavelet as in Figure 2.

have respectively the Hurst exponents H = 0.49 + 0.02
and H = 0.50 £ 0.02. Similarly, one intron (L = 10986) of
the human retinoblastoma susceptibility gene has an ex-
ponent H = 0.51 & 0.02 which is again very close to 1/2.
These introns actually correspond to DNA sequences with
a low GC content (from 31% to 36%). As shown in Fig-
ure 3a, when comparing h(qg = 0,a) with 0.5log, a, i.e.,
the scaling behavior expected for uncorrelated sequences,
one notices some significant tendency of the curves to be-
come steeper when continuously increasing the GC con-
tent. The corresponding values of the roughness exponent
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Fig. 4. WITMM estimate of the roughness exponent H wver-
sus the GC content of the DNA sequence. (a) Introns: (e)
L ~ 50000, (m) L ~ 15000; CDSs: (o) L ~ 50000. (b) Cod-
ing subsequences relative to position 1 (A), 2 (O) and 3 (o) of
the bases within the codons: L ~ 20000.

H are reported in Figure 4a. H clearly increases from val-
ues close to 1/2 at low GC content (~ 30%) up to values
significantly larger than 0.6 at high GC content (> 60%).
In Figure 4a are also shown the estimates of the roughness
exponent for the coding sequences. Whether the CDS be
poor or rich in GC, it does not seem to possess strong long-
range correlations as indicated by an exponent H close to
1/2. Figure 4b is devoted to the results of similar analysis
of the three coding subsequences relative to the position
(1, 2 or 3) of the bases within the codons. For the first
and second subsequences, one gets results quite consistent
with the estimates obtained for the overall CDS sequences:
whatever the GC content, the exponent H does not sig-
nificantly depart from the value H = 1/2. Note that the
data do not exclude a slow increase of Hc; and Hgs. For
the third subsequence, H is found to increase up to val-
ues close to 0.60 at high GC content, which brings the clue
that this subsequence exhibits [GC]-dependent long-range
correlations very much like those observed in Figure 4a for
introns. Unfortunately, for these subsequences, the overall
statistics is rather poor which makes a quantitative com-
parison between the third coding subsequences and the
introns uncertain. Nevertheless, as shown in Figures 3b,
3c and 3d, only the data for the third coding subsequence
exhibit a significant increase in the steepness of the curves
when going from low to high GC content. The curves re-
main much flattened for the first and second subsequences,
even though some small, but maybe meaningful, increase
is perceptible for both of them. In order to investigate
the possibility that these observations might result from
the exon concatenation in the CDSs, we have analyzed
individual human exons (for statistical reason only the
largest ones). These exons exhibit the same features than
the CDSs, as it is examplified in Figure 3 by the apoB-100
largest exon.

The results reported in this work clearly show that
the GC content is likely to be relevant to the long-range
correlation properties observed in both intronic and ex-
onic DNA sequences. The evolution of DNA sequences in
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terms of GC content has attracted a lot of interest during
the past few years [10,13-16]. Several mechanisms can be
proposed to account for the observed long-range correla-
tions in the GC rich intronic sequences.

(1) Besides punctual mutations, genomic sequences are
subject to a number of insertion-deletion events of DNA
fragments of widely variable sizes. These events are much
less frequent in exonic regions due to the strong con-
straints imposed by their coding properties. The insertion-
deletion mechanisms could be responsible for the observed
long-range correlations [3]. However, insertions-deletions
occur in intronic sequences presenting a low GC content,
which were just shown to present no long-range corre-
lations. Furthermore, the correlations observed between
the third bases of the codons, but not between adjacent
nucleotides, are unlikely to result from (rare) insertion-
deletion events which generally involve several adjacent
nucleotides in order to maintain the coding phase.

(ii) The human genome is well known to be compar-
timentalized into wide specific domains with uniform GC
content, called isochores [10]; appreciable scatter of the
average GC content is actually observed when compar-
ing different domains. Another hypothesis is to consider
that the processes operating to create the GC rich iso-
chores lead to the appearance of long-range correlations.
Thanks to the functional constraints acting on the cod-
ing sequences embedded in these GC rich regions, these
processes should be less active on the exons, with a con-
comittant lack of long-range correlations as compared to
the surrounding introns. Since these constraints are less
stringent on the third base of the codons, this would ex-
plain the long-range correlations observed between these
nucleotides in high GC containing exons. In human genes,
the frequencies of the third base of the codons are highly
correlated with the neighbouring intronic GC content [17].
This property favors the hypothesis that the exonic corre-
lations are produced by the same mechanisms which lead
to intronic correlations.

The choice of human genes in this study was mainly
dictated by the large sample of available coding (CDS, ex-
ons) and noncoding (introns) sequences and also by their
widespread GC content variability [13,15]. From the simi-
larity of the compositional patterns of the human genome
with those of the genomes of mammals and warmblooded
vertebrates, it is likely that the observations reported here
also extend to these other genomes. The exploration of
genomes of various organisms including unicellular eu-
karyotes and prokaryotes is currently under progress.
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