DNA in chromatin: from genome-wide sequence analysis to the
modeling of replication in mammals

A. Arneodo!, Y. d’Aubenton-Carafa?, B. Audit', E.B. Brodie of Brodie!, S. Nicolay!,
P. St-Jean!, C. Thermes?, M. Touchon? and C. Vaillant?

! Laboratoire Joliot-Curie et Laboratoire de Physique, UMR5672, CNRS, Ecole Normale Supérieure
de Lyon, 46 Allée d’Ttalie, 69364 Lyon Cedex 07, France.
2Centre de Génétique Moléculaire, CNRS, Allée de la Terrasse, 91198 Gif-sur-Yvette, France.
3 Laboratoire Statistique et Génome, 523 Place des Terrasses de I’Agora, 91000 Evry, France.

(January 315, 2006)

5 Y
- - ‘\ 4 ..‘. “f‘
Mok igTaew [ ¢

“ -
,'. “n e ol
L e e i
_IRS s RSN, . :
[ N )

— =




Abstract

Understanding how chromatin is spatially and dynamically organized in the nucleus
of eukaryotic cells and how this affects genome functions is one of the main challenges of
cell biology. In that context the role of the DNA sequence itself in these condensation-
decondensation processes is still debated. In this chapter, we explore large-scale nucleotide
compositional fluctuations along the human genome through the optics of the wavelet
transform microscope. Analysis of the GC content and of the TA and GC skews re-
veals the existence of rhythms with characteristic fundamental frequencies that enlighten
a remarkable cooperative organization of gene location and orientation. We describe a
multi-scale methodology that allows us to predict 1012 replication origins in the 22 hu-
man autosomal chromosomes. We present a model of replication with well-positioned
replication origins and random termination sites that accounts for the highly relaxational
nature of the oscillations observed in the skew profiles. We emphasize these putative
replication initiation zones as regions where the chromatin fiber is likely to be more open
so that DNA be more easily accessible. We show that, in the crowded environment of the
cell nucleus, the presence of these intrinsic decondensed structural defects actually pre-
disposes the fiber to spontaneously form multi-looped rosette-like structures that provide
an attractive description of genome organization into replication foci that are observed
in interphase mammalian nuclei as stable autonomous chromatin domains favoring com-
partmentalized DNA replication and gene expression. New experimental perspectives are
discussed.

Keywords: DNA sequence, Human genome, chromatin fiber loops, compositional bias,
skews, wavelet transform, rhythms, replication origins, replication model, transcription.



1 Introduction

The dynamics of folding and unfolding of DNA within living cells plays a major role in
regulating many biological processes, such as gene expression, DNA replication, recombination
and DNA damage repair’™. As sketched in Figure 1, the genomic DNA of eukaryotic cells
is tightly packaged into nucleosomes which constitute the basic units of chromatin®. As
experimentally detailed by high resolution X-ray analysis®®, each nucleosome consists of
almost two turns of DNA wrapped around an octamer of core histone proteins. An additional
fragment of DNA associated with a linear histone separates successive nucleosomes which are
disposed as beads-on-a-string along the DNA. This nucleosomal array is further organized
into successive higher order structures? including the condensation into the 30nm chromatin
fiber, the formation of chromatin loops, up to a full extent of condensation in metaphase
chromosomes. Actually, the structure and dynamics of chromatin are under the control
of a number of mechanisms involving DNA-protein interactions which may depend upon
the nucleotide sequence since DNA is an heteropolymer with locally sequence-dependent
physical (mechanical, geometrical, ...) properties. The precise influence of the so-called
primary structure (i.e. the sequence) on the organization of chromatin at all scales remains
controversial. On a local scale, specific sequence elements have been identified to interact
with protein components of chromatin. For instance, some sequence motifs that favor the
formation and positioning of nucleosomes were found to be regularly spaced, e.g. the 10bp
periodicity ?19 exhibited by the AA dinucleotide. Alternatively, similar motifs were shown to
present long-range correlations along the genome that are a signature of nucleosomes!! 13
Other DNA regions, the scaffold or matrix attachment regions that constitute the anchor
points of chromatin loop domains, are constituted by ~ 1kbp AT-rich sequence patterns 417
On larger scales, the folding of the nucleosomal strings into higher-order structures has been
the issue of various models involving, e.g., random packing, coiling into hierarchical helical
structures (solenoids) !0 or loop-models!*15:1921  hut the DNA sequence itself was not
taken into account. Some recent experimental results suggest that loops might be organized
by the active transcription complexes?? 24, Accordingly gene positions and transcriptional
activity would constitute major determinants of the microscopic structure of chromatin that
would self-organize in a rather predictable way: the 3D structure would then result to some
extent from the DNA primary sequence.

Actually there is much more to be learned about the different stages of compaction of DNA
inside the cell nucleus (Fig. 1) from the DNA sequence than commonly thought. The origi-
nality of the approach described in this chapter relies on the fact that we are going to extract
structural, dynamical and functional informations from the primary DNA sequence using con-
cepts coming from statistical and nonlinear physics and methodologies issued from physics
and signal processing 32627, More precisely, we will mainly use a mathematical microscope,
namely the continuous wavelet transform?82?, to explore the structural complexity of signals
generated from adequate codings of the DNA sequences. In a preliminary work '3, we have
used the space-scale decomposition provided by the wavelet transform to reveal and analyze
the scale invariance properties of eukaryotic, eubacterial and archaeal genomic sequences.
This study suggests that the existence of long-range correlations, up to distances ~ 20kbp, is
the signature of the nucleosomal structure and dynamics of the 30 nm chromatin fiber. Actu-
ally these long-range correlations are mainly observed in the DNA bending profiles obtained
when using some structural coding of the DNA sequences that accounts for the fluctuations of
the local double helix curvature within the nucleosome complex. Because of the approximate
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Figure 1. Hierarchical structure of eukaryotic DNA. Each DNA molecule is packed into a
mitotic chromosome that is 1/50000 shorter than its extended length (Adapted by permission
from Macmillan Publishers Ltd:Nature (Felsenfeld & Groudine??), copyright (2003)).



planarity of nucleosomal DNA loops, we have developed some modeling of the thermodynam-
ics of 2D DNA loops in the presence of long-range correlated structural disorder induced by
the sequence3’3!. These long-range correlations clearly favor the autonomous formation of
small (i.e. few hundred bp) DNA loops, larger the correlations, smaller the size of the loop,
and in turn the propensity of eukaryotic DNA to interact with histones to form nucleosomes.
In addition, we have shown that this long-range correlated structural disorder is likely to in-
duce local hyperdiffusion of these loops which provides a very attractive interpretation to the
nucleosome repositioning dynamics. Let us emphasize that a recent statistical analysis3? of
nucleosome positioning data obtained recently by Yuan et al.3? for chromosome III of S. cere-
visiae, has provided a convincing experimental confirmation that long-range correlations in
the genomic sequence strongly influence the overall formation and positioning of nucleosomes.
In this Chapter, we will keep decreasing the magnification of our mathematical wavelet trans-
form microscope to investigate the complexity of DNA sequences at scales larger than 30 kbp.
Our goal is to show that at these large scales, the primary sequence still contains structural
and mechanical informations, no longer on DNA, but rather on the 30 nm chromatin fiber
and its propensity to form loops and multi-loops structural patterns (Fig. 1) that are likely to
stabilize chromatin domains of autonomous DNA replication and gene expression. This study
leads us to propose some universal physical mechanism accounting for the self-organization
of multi-looped rosettes that would favor the so-called tertiary chromatin structure, prior to
the replication and transcription proteic complexes coming into play.

The Chapter is organized as follows. Section 2 is devoted to materials and methods. In
Section 3, we show 3435 that the GC content displays rather regular nonlinear oscillations with
two main periods of 110 + 20 kbp and 400 4+ 50 kbp, that are well recognized characteristic
scales of chromatin loops and loops domains involved in the hierarchical folding of chromatin
fibers. These frequencies are also remarkably similar to the size of mammalian replicons
and replicon clusters. When further investigating deviations from intrastrand equimolarities
between T and A, and between G and C, the so-called TA and GC skews, we corroborate the
existence of these rhythms as the footprints of replication and/or transcription mutation bias
and we show that the observed relaxational oscillations enlighten a remarkable cooperative
gene organization343%. In Section 4, with the specific goal to disentangle the replication and
transcription contributions to the TA and GC skews, we analyze 14854 intron-containing genes
annotated in the human genome and we show 3937 that these skews are correlated to each other
and display a characteristic step-like profile exhibiting sharp transitions between transcribed
(finite bias) and non-transcribed (zero bias) regions. In most sequences, we observe an excess
of T over A and of G over C, reflecting transcriptionally coupled mutational processes in germ
line cells. In Section 5, we reveal3®3Y the actual existence of replication-associated strand
asymmetries by further studying the behavior of the TA and GC skews around the origins
of replication experimentally identified. We find that the (TA 4+ GC) skew displays rather
sharp upward jumps from negative to positive values at the origin locations. When using the
wavelet transform to perform a multiscale analysis of the 22 human autosomal chromosomes
skew profiles, we reveal numerous sharp upward jumps that allow us to identify a set of 1012
putative replication initiation zones. Between two neighboring sharp upward jumps, the skew
displays a linear decreasing profile leading to a characteristic jagged pattern also observed in
mouse and dog genomes?32. In Section 6, we propose®3? a model of replication in mammalian
cells with well positioned replication origins and random terminations. A systematic analysis
of the gene content around the putative replication origins enlightens a remarkable gene
organization with clusters of genes mostly co-oriented with the progression of the replication



fork. This observation suggests that these replication initiation zones are likely to correspond
to regions where the chromatin fiber is more open so that DNA be more easily accessible.
In Section 7, we show that, in the crowded environment of the cell nucleus, the presence
of such intrinsic (sequence dependent) decondensed structural defects actually predisposes
the chromatin fiber to spontaneously form rosette-like structures. Prior to any external
factors coming into play, these multi-looped rosettes self-organize from the entropy-driven
assembling of neighboring defects into clusters by depletive forces. These rosettes provide an
attractive description of the compartmentalization of the genome into replication foci that
are observed in interphase mammalian nuclei as stable chromatin domains of autonomous
DNA replication and gene expression. We conclude, in Section 8, by discussing some new
experimental perspectives including in vivo visualization of the rosette-like organization of
the tertiary chromatin structure via the clustering of replication origins.

2 DMaterials and Methods

2.1 Data sets

Sequences. Sequence and gene annotation data were retrieved from the Genome Browser of
the University of California, Santa Cruz for the human (July 2003 in Sections 3 and 4, May
2004 in Sections 5 and 6), mouse (May 2004) and dog (July 2004) genomes. To delineate the
most reliable intergenic regions, transcribed regions were retrieved from “all_mrna”, one of
the largest sets of annotated transcripts. Among transcribed sequences, sense (resp. anti-
sense) genes have the same orientation as the Watson (resp. Crick) strand. To obtain intronic
sequences, we used the KNOWNGENE annotation (containing only protein-coding transcripts);
when several transcripts presented common exonic regions, only common intronic sequences
were retained. For the dog genome, only preliminary gene annotation were available, preclud-
ing the analysis of intergenic and intronic sequences.

Sequence repeats. In Section 4, 5, and 6, to exclude repetitive elements that might have
been inserted recently and would not reflect long-term evolutionary patterns, we used
REPEATMASKER“? leading to a reduction of ~ 40 — 50% of the human sequence length.

Human intron sequences. In Section 4, human intron sequences were downloaded from REF-
GENE (April 2003) at UCSC. When several genes presented identical exonic sequences, only
the longest one was retained; repeated elements were removed with REPEATMASKER. The in-
trons of each gene were taken as a single sequence; introns without repeats were also taken
as a single sequence; to avoid the skew associated with splicing signals, 560 bp were removed
at both intron extremities. When the resulting intron sequences were shorter than 1120 bp,
they were not considered for the analysis, leading to 14854 intron-containing genes.

Human replication origins. Nine replication origins were examined; namely those situated
near the genes MCM44!, HSPA442, TOP143, MYC*, SCA-7%, AR**, DNMT146, Lamin B2
47 and B-globin?®.

Sequence Alignments. Mouse and dog regions homologous to the six human regions shown
in Figure 9 were retrieved from University of California, Santa Cruz (HUMAN SYNTENY).
Mouse intergenic sequences were individually aligned by using PIPMAKER??, leading to a total



of 150 conserved segments longer than 100 bp (> 70% identity) and corresponding to a total
of 26 kbp (5.3% of intergenic sequences).

2.2 Coding rules

GC content. GC content fluctuations in the human genome were computed in adjacent (non-
overlapping) 1-kbp windows.

Strand asymmetries. The TA and GC skews were calculated in non-overlapping windows of
size 1-kbp as:

_nr —na g _ ng —nc (1)

Sta = Gc =
nT—i—nA’ n(;-i-nc,

where na, nc, ng and nt are respectively the numbers of A, C, G and T in the windows.
Because of the observed correlation between the TA and GC skews (Section 4), we also
considered the total skew

S = Sta + Sac. (2)

From the skews Sta(n), Sgc(n) and S(n), obtained along the sequences, where n is the
position (in kbp units), from the origin, we also computed the cumulative skew profiles:

Sra(n) =Y Stall),  Sacln) =Y Sacl), 3)
j=1 j=1

and

2.3 Space-scale analysis based on the continuous wavelet transform

The continuous wavelet transform (WT) is a space-scale analysis which consists in expanding
signals in terms of wavelets that are constructed from a single function, the analyzing wavelet
1, by means of dilations and translations!'®272°. When using the successive derivatives of
the Gaussian function as analyzing wavelets, namely

9" (@) = (~1)¥a" g (z) /dx™, (5)
where

1 2
9(0)(95):\/72?6 /27 (6)

then the WT of a signal s takes the following simple expression:
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where x and a(> 0) are the space and scale parameters respectively. Equation (7) shows that
the WT computed with ¢(N) at scale a is nothing but the Nth derivative of the signal s(z)
smoothed by a dilated version ¢(¥ (x/a) of the Gaussian function. This property is at the
heart of various applications of the WT microscope as a very efficient multi-scale singularity
tracking technique!3°°. Actually the skeleton of the WT provides a space-scale partitioning
that is likely to contain all the information on the singularities of the signal considered. The
WT skeleton is defined, at each scale a, by the set of all the points x; that corresponds to
a local maximum of |Wy[s|(z,a)| and then by connecting these points across scales into the
so-called maxima lines'®272%, In Section 6, the ability of identifying sharp jumps in noisy
skew profiles from the WT skeleton will be at the heart of the methodology we will propose
to detect the origins of replication in mammalian genomes3%3.

One of the main advantages of the W'T is its adaptative ability to perform time-frequency
analysis?®?? when using complex analyzing wavelets like the Morlet’s wavelet:

1 iwx(fcc2/2 —w?/4 _—a?
T) = e e — V2 W A > , 8
where the second term in the r.h.s. is negligible for large w values (w 2 5). The scale-spectrum
of a signal s of total length L is defined as:

L
Mo =1 [ Wy Bl de )

3 Low frequency rhythms in Human DINA sequences

3.1 GC content

The recent sequencing of the human genome®! has opened the door to the statistical analysis
of genomic sequence complexity on a chromosomal scale. One of the most striking features of
eukaryotic chromosomes is their large-scale variations in base composition. In particular, an
extraordinary large heterogeneity of the GC content is observed in mammalian genomes; this
has led Bernardi®?®3 to propose a description of these genomes in terms of a mosaic organi-
zation of domains of relatively constant GC levels, originally called isochores. The isochore
model is a topic of controversial discussions®®460, Nevertheless there is definite evidence
that the compositional heterogeneity in a DNA sequence correlates with its GC content®”
which is unanimously recognized as a fundamental property of the chromosomal DNA and
is likely to be one of the possible key to the understanding of the organization of eukary-
otic genomes®?93:56:57  Indeed the GC content has a taxonomy value®!; it determines the
amino acid composition of the encoded proteins and is also related to codon usage in genes
62 Moreover there is conspicuous evidence®$57:63 that GC-rich and GC-poor regions respec-
tively match the cytogenic R and G bands and correlate well with early and late replicating
domains in the cell cycle. GC-rich regions correspond to regions of very high density of genes
including the housekeeping genes and associated CpG islands and also of short inter-dispersed
repetitive DNA elements (SINES, Alu)®!. In contrast, GC-poor regions are definitively poor
in genes, predominantly tissue-specific genes containing rather long introns, but are relatively
rich in long inter-disperse repetitive DNA elements (LINES)5! that are significantly more
abundant in these regions. The GC content has also some impact on the structure of chro-
matin. For example, it has been suggested '® that the proteic chromosomal scaffold that serves
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Figure 2: Space-scale representation of the GC content of a 10 Mbp long fragment of human
chromosome 22 when using a Gaussian smoothing filter (%) () (Eq. (6)). (a) GC content fluc-
tuations computed in adjacent 1 kbp intervals. (b) Color coding of the convolution product
Wy [GC](n,a) = (GC * g (-/a))(n) using 256 colors from black (0) to red (max); superim-
posed are shown the smoothed GC profiles obtained at scales a] = 40 kbp and a5 = 160 kbp.
On the right hand side is shown vertically the scale (frequency~!) spectrum A(a) (Eq. (9))
computed with the complex Morlet wavelet (Eq. (8)) over the entire chromosome 22. The hor-
izontal dashed lines in the color picture correspond to the two main characteristic oscillations
length I; = 100 kbp and Iy = 400 kbp.

as a structural skeleton for the organization of chromatin loops is much less tightly folded (to
the benefit of replication and transcription processes) in GC-rich than in GC-poor regions.
In Figure 2 are reported the results3*3% of a space-scale decomposition of the GC content
fluctuations of a 10 Mbp long fragment of human chromosome 22, when using the Gaussian
g9 (z) (Eq. (6)) as smoothing filter. This decomposition reveals that for distances larger than
~ 20 — 30 kbp, the GC content can no longer be considered as fluctuating homogeneously
(at smaller scales the fluctuations cannot be distinguished from a monofractal long-range
correlated noise®); it instead displays rather regular nonlinear oscillatory behavior. The
corresponding scale spectrum A(a) (Eq. (9)) shown vertically in Figure 2(b), reveals the
existence of two main broad peaks corresponding to the scales [; = 100 + 20 kbp and Iy =
400 £ 50 kbp respectively, that emerge from a continuous background. The former is the
characteristic length of the basic oscillations obtained with the low-pass filtering scale a] =
40 kbp, although one may observe from time to time oscillations that have a larger length
(~ 2l; = 200 kbp). If one uses a larger filtering scale a3 = 160 kbp, in order to smooth



D
S

a

<

\S: 50

§OD

3 40

~ 0.1

* N

<

£ 0

écb
-0.1

0 107 n 2.107

Figure 3: Compositional oscillations observed in the human chromosome 22 fragment
(23 Mbp, NT_011520.8) after low-pass filtering at scale a5 = 160 kbp (see Fig. 2). (a) GC
content. (b) Total skew S = Sr4 + Sgc (Eq. (2)). The red (blue) portions of the profiles
correspond to the location of sense (antisense) genes that have the same (opposite) orientation
than the sequence. The location of the immunoglobulin locus is shown in pink.

both the “small scales” (high frequencies) colored noise component and the basic oscillations
of scale [y, one gets some oscillatory profile with a fundamental length Iy = 400 kbp as
illustrated in Figure 3(a). Let us point out that the investigation of large GC-rich fragments
in various human chromosomes reveals similar periodicities3*, namely [; = 120430 kbp, I =
410460 kbp for chromosome 11 (24 Mbp, NT_033899.3), [; = 130£30 kbp, lo = 4204+60 kbp
for chromosome 14 (68 Mbp, NT_02637.9), and /3 = 110 + 20 kbp, lo = 390 + 50 kbp for
chromosome 21 (29 Mbp, NT_011512.7).

A possible interpretation of these low-frequency rhythms observed in the GC content is
of structural nature and is related to recent experimental and numerical observations of the
high-order hierarchical folding of chromatin into fibers and loops of different sizes. 100 kbp
is typically the size of DNA loops that are observed by electron microscopy %495 to be held
together by a longitudinal network of scaffolding proteins in histone-depleted chromosomes,
favoring a radial loop/scaffold model 156667 of metaphase chromosome structure. 100 kbp is
also very close to the chromosome loop size (~ 80 kbp) estimated from physical measurements
of the dynamics of force relaxation in single mitotic chromosomes®®. Furthermore, 400 kbp is
likely to be the size of larger chromatin loops made of a few basic loops that have some coherent
dynamical behavior during the cell cycle possibly governed by the mechanisms that underlie
replication and transcription processes® 3. As an alternative to the loop/scaffold %:66:67
and multi-loop subcompartment ™ models, 100 kbp and 400 kbp might well be characteristic
scales involved into the successive levels of helical coiling of chromatin into fibers or tubes
of diameters ranging from 30 to 700 nm observed during interphase using either electron or
light microscopy 16780,
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Figure 4: Scale spectrum A(a) vs (a) of the total skew S (Eq. (2)) computed over the entire
chromosome 22 of the human genome.

3.2 Strand asymmetries

An alternative interpretation of the rhythms observed in the GC content is of functional nature
and is a direct consequence of the observation that 100 kbp and 400 kbp correlate well with
the replicon sizes observed in warm-blooded vertebrate organisms® 3. Early experimental
investigations348% of replicon size by fiber auto-radiography or fluorography have led to the
classical view that mammalian replicons are heterogeneous in size but that most fall into
the range of 30-450 kbp with the most frequent sizes in the range 75-150 kbp. Furthermore
there are experimental evidences8:83:84 that replicons are likely to be in groups, the so-called
replicon foci, with all the replicons in each group firing at similar time in the S-phase. Newer
results obtained with modern replicon-mapping methods clearly show the existence of much
larger replicons (the largest ones being as large as a few Mbp) than previously thought,
requiring most or all the S-phase to be completed®386:87  In particular, the average size of a
mammalian replicon has been reconsidered to be more likely ~ 500 kbp36:87,

According to the second parity rule®®8? under no strand-bias conditions, each genomic
DNA strand should present equimolarities?>?! of A and T and of G and C. Deviations from
intrastrand equimolarities have been extensively studied in prokaryote, organelle and viral
genomes for which they have been used to detect the origins of replication®? . During
replication, mutational events can affect the leading and lagging strands (see Section 4.1)
differently and one strand can be more efficiently repaired than the other one, leading to
strand compositional asymmetry. In eukaryotes, the existence of compositional biases has
been debated and most attempts to detect the replication origins from strand compositional
asymmetry have been inconclusive. When using our WT microscope to perform a space-
scale analysis of both the Stp and Sgc skews of human chromosome 22, one gets oscillatory
profiles similar to those obtained for the GC content, with still two main characteristic lengths
{1 = 140 + 20 kbp and Iy = 400 4 40 kbp as shown in Figure 4 where the corresponding scale
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spectrum of the total skew S (Eq.(2)) displays two main bumps, the latter at 400 kbp being
the most pronounced. In Figure 3(b) is shown the oscillatory skew profile obtained for the
smoothing scale a5 = 160 kbp. This profile displays rather regular oscillation trends of basic
length ~ 400 kbp. Quite remarkably this oscillatory skew profile provides a guide for the
organization of the spatial location and orientation of the (largest) genes3*3%: sense genes
with the same orientation as the sequence are located around the positive maxima of the
oscillations (among transcribed sequences, this corresponds to 79.6+1.9% (ch.22), 84.0+2.6%
(ch.11), 89.2 + 1.2% (ch.14) and 88.1 £ 2.4% (ch.21) of 1 kbp fragments that have the same
orientation as the Watson strand), while antisense genes are quite symmetrically located
around the minima (mainly negative). Let us point out that since these skew oscillations
are also observed in large intergenic regions (but with smaller amplitude), they may arise
from replication mutation biases. Indeed, as we will elaborate about in the next sections,
these oscillations of rather marked relaxational character are likely to reflect some correlation
between gene organization into clusters with preferential gene orientation and replication.

For more details on the existence of low frequency rhythms in DNA sequences, we refer
the reader to the PhD manuscripts of E.B. Brodie of Brodie? and S. Nicolay®7.

4 Transcription-coupled strand asymmetries in the human
genome

During genome evolution, mutations do not occur at random as illustrated by the diversity
of the nucleotide substitution rate values?® 191, This non-randomness is considered as a by-
product of the various DNA mutation and repair processes that can affect each of the two
DNA strands differently. Deviations from intrastrand equimolarities, the so-called Chargaff’s
second parity rule®®® have been extensively studied during the past decade and the observed
skews have been attributed to asymmetries intrinsic to the replication or to the transcrip-
tion processes. Asymmetries of substitution rates coupled to transcription have been mainly
observed in prokaryotes!'927194  with only preliminary results in eukaryotes. In the human
genome, excess of T was observed in a set of gene introns'% and some large-scale asymmetry
was observed in human sequences but they were attributed to replication!'%®. Only recently,
a comparative analysis of mammalian sequences demonstrated a transcription-coupled excess
of G+T over A+C in the coding strand 7. In contrast to the substitution biases observed
in bacteria presenting an excess of C—'T transitions, these asymmetries are characterized by
an excess of purine (A—G) transitions relatively to pyrimidine (T—C) transitions. These
might be a by-product of the transcription-coupled repair mechanism acting on uncorrected
substitution errors during replication!®®. In this section, we report the results of a genome-
scale analysis of human genes that definitely establish the existence of transcription-coupled
nucleotide biases36:37.

4.1 Strand asymmetries in human gene sequences

We have started examining nucleotide compositional strand asymmetries in transcribed re-
gions of human sequences®. We have computed the Sta and Sgc skews (Eq.(1)) for intron
sequences since, in contrast to exonic sequences, they can be considered as weakly selected se-
quences. For each gene, we have concatenated all the introns in a unique sequence (see Section
2.1). The distributions of the TA and GC skews, computed on the 14854 intro-containing

12
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Figure 5: (a) Sta and Sgc skews in human introns®: each point corresponds to one of
the 14854 intron-containing genes; repeated elements are removed from the analysis (Section
2.1); red points correspond to sense genes (7508) with the same orientation as the Watson
strand; blue points correspond to anti-sense genes (7346) with opposite orientation; black
crosses represent the standard deviations of the distributions. (b) Correlation between Sta
and Sgc skews determined on the coding strand from intronic regions without repeats: each
point corresponds to a gene for which the total length of intronic regions is [ > 25 kbp (7797
genes); Pearson’s correlation coefficient 7 = 0.61 (the slope of the regression line is 0.58).

genes, present positive mean values for sense genes (7508), namely Sta = 4.72 £ 0.07%
and Sgc = 2.97 + 0.07%, and nearly opposed values for anti-sense genes (7346), namely
Sta = —4.56 + 0.07% and Scc = —3.05 + 0.07%. When removing the repeated sequences
from the analysis (Section 2.1), the TA and GC biases are not strongly altered (Fig. 5(a)).
When examined on the coding strand, the mean values for all intron sequences without re-
peats present significant excess of T over A, namely Sta = 4.4940.01%, and excess of G over
C, namely Sqc = 3.29 4+ 0.01% (after appropriately removing intron extremities, see Section
2.1). The corresponding probability density functions (pdf) of Sta and Sgc skews when
computed from the intronic sequences of the whole set of 14854 intron-containing genes (after
removing the non-coding regions closer than 560 bp to an exon) are shown in Figure 6 in a
semi-logarithmic representation. For both sense (Figure 6(a)) and anti-sense (Figure 6(b))
genes, one observes the presence, for both skews, of large tails that clearly indicates some
departure from a parabolic profile, the signature of Gaussian statistics.

A question of interest is the possible existence of correlations between Sta and Sgc skews
in intronic sequences without repeats. When all genes are considered, only small correlation
is observed (Pearson’s correlation coefficient » = 0.09). However, the values of the skews from
small genes turn out to be highly noisy. When one excludes these small genes, Sta and Sgc
present larger correlation, e.g. r = 0.45 for genes with total intron length [ > 10 kbp and
r = 0.61 for genes with [ > 25 kbp as illustrated in Figure 5(b). Let us point out that Sta
and Sgc present weak correlation with the intronic GC content as well as with the sequence
length and this even if only the large genes are considered?S.

13
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Figure 6: Probability density functions of the skews Sta (e) and Sgc () values computed
from the intronic sequences of the 14854 intron-containing genes after removing repeated
sequences. (a) Sense genes; (b) antisense genes.

4.2 Transcription induced step-like skew profiles in the human genome

In order to compare the TA and GC asymmetry values in transcribed regions to those in the
neighboring intergenic sequences, we have computed Sta and Sgc in adjacent 1 kbp windows
along the genome sequence3637. In Figure 7 are reported the mean values of these skews for all
genes as a function of the distance to the 5’- or 3’- end. At the 5’ gene extremities (Figure 7(a)),
a sharp transition of both skews is observed from about zero values in the intergenic regions to
finite positive values in transcribed regions ranging between 4 and 6% for Sta and between
3 and 5% for Sqc. At the gene 3'- extremities (Figure 7(b)), the TA and GC skews also
exhibit transitions from significantly large values in transcribed regions to very small values
in untranscribed regions. However, in comparison to the steep transitions observed at 5’-
ends, the 3’- end profiles present a slightly smoother transition pattern extending over ~5 kbp
and including regions downstream of the 3’- end likely reflecting the fact that transcription
continues to some extent downstream of the polyadenylation site. In pluricellular organisms,
mutations responsible for the observed biases are expected to occur in germ-line cells. It could
happen that gene 3’- ends annotated in the databank differ from the poly-A sites effectively
used in the germ-line cells. Such differences would then lead to some broadening of the skew
profiles.

4.3 A model for transcription-coupled TA and GC skews

As shown in Figure 7, TA and GC biases are specifically observed in transcribed sequences
indicating that each of them clearly results from transcription-coupled processes acting in
germ-line cells. This observation is reinforced by the observed correlation between Sta and
Scc (Figure 5(b)). Indeed, according to this hypothesis, Sta and Sgc are likely to increase
simultaneously with transcription. How many genes have biased sequences? When comparing
36 the observed biases to those expected for random sequences with same length and same
(T+A) composition, 64% of genes are found to present significant TA bias (p-values < 1072).
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Figure 7: TA (o) and GC () skew profiles in the regions surrounding 5’ and 3’ gene extremities
36 Sta and Sgc were calculated in 1 kbp windows starting from each gene extremities in
both directions. In abscissa is reported the distance (n) of each 1 kbp window to the indicated
gene extremity; zero values of abscissa correspond to 5'- (a) or 3’- (b) gene extremities. In
ordinate is reported the mean value of the skews over our set of 14854 intron-containing genes
for all 1 kbp windows at the corresponding abscissa. Error bars represent the standard error
of the means.

When considering only larger genes, this proportion increases to 82% (total intron length
[ > 10 kbp) and 86% (I > 25 kbp) respectively. These results indicate that in germ-line cells,
a large majority of genes are expressed.

A recent study %7 showed a transcription-coupled excess of purine transitions and a deficit
of pyrimidine transitions in a small set of human genes. To examine if these transition rates
might explain the strand asymmetries measured in Figures 5 to 7, for the whole set of genes, we
have performed numerical calculations of the composition at equilibrium of a DNA sequence
(given the substitution rates)36. When supposing that transcription alters transition rates
only, we obtained a value of Sty = 4.7% similar to our observations, while the value of
Sac = 7.8% significantly exceeds the value found in our study. This led us to suppose that
GC transversions might also produce strand asymmetry in eukaryotes6. During evolution,
both processes would have been active in germ-line cells.

More recently, we have extended this study of strand asymmetries in intron sequences
to evolutionarily distant eukaryotes”. When appropriately examined, all genomes present
transcription-coupled excess of T over A (Sta > 0) in the coding strand. In contrast, GC
skew is found positive in mammals and plants but negative in invertebrates suggesting differ-
ent mutation repair mechanisms associated to transcription in vertebrates and invertebrates.
For more details on the existence of transcription-coupled strand asymmetries in eukaryotic
genomes, we refer the reader to the PhD manuscript of M. Touchon'%?.

The results reported in Figure 7 suggest that Sta and Sgc are constant along introns.
Since introns amount for about 80% of gene sequences, this means that skew profiles induced
by transcription processes have a characteristic step-like shape 697109 However, the absence
of asymmetries in intergenic regions does not exclude the possibility of additional replication
associated biases. Such biases would present opposite signs on leading and lagging strands
and would cancel each other in our statistical analysis as a result of the spatial distribution of
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multiple unknown replication origins®3. The following sections will be devoted to the study
of replication-associated strand asymmetries in mammalian genomes.

5 Replication-associated strand asymmetries in the human
genome

DNA replication is an essential genomic function responsible for the accurate transmission of
genetic information through successive cell generations. According to the so-called “replicon”
paradigm derived from prokaryotes'?, this process starts with the binding of some “initiator”
protein to a specific “replicator” DNA sequence called origin of replication. The recruitment
of additional factors initiate the bi-directional progression of two divergent replication forks
along the chromosome. As illustrated in Figure 8(a), one strand is replicated continuously
(leading strand), while the other strand is replicated in discrete steps towards the origin (lag-
ging strand). In eukaryotic cells, this event is initiated at a number of replication origins and
propagates until two converging forks collide at a terminus of replication'''. The initiation
of different replication origins is coupled to the cell cycle but there is a definite flexibility
in the usage of the replication origins at different developmental stages'> 116, Also, it can
be strongly influenced by the distance and timing of activation of neighboring replication
origins, by the transcriptional activity and by the local chromatin structure 3116 Actually,
sequence requirements for a replication origin vary significantly between different eukary-
otic organisms. In the unicellular eukaryote Saccharomyces cerevisiae, the replication origins
spread over 100-150 bp and present some highly conserved motifs''!. However, among eu-
karyotes, S. cerevisiae seems to be the exception that remains faithful to the replicon model.
In the fission yeast Schizosaccharomyces pombe, there is no clear consensus sequence and the
replication origins spread over at least 800 to 1000 bp!''. In multicellular organisms, the
nature of initiation sites of DNA replication is even more complex. Metazoan replication
origins are rather poorly defined and initiation may occur at multiple sites distributed over
a thousand of base pairs''?. The initiation of replication at random and closely spaced sites
was repeatedly observed in Drosophila and Xenopus early embryo cells, presumably to allow
for extremely rapid S phase, suggesting that any DNA sequence can function as a replicator
12,118,119~ A developmental change occurs around midblastula transition that coincides with
some remodeling of the chromatin structure, transcription ability and selection of preferential
initiation sites'>119. Thus, although it is clear that some sites consistently act as replication
origins in most eukaryotic cells, the mechanisms that select these sites and the sequences that
determine their location remain elusive in many cell types'?%121. As recently proposed by
many authors'?27124 the need to fulfill specific requirements that result from cell diversifica-
tion may have led high eukaryotes to develop various epigenetic controls over the replication
origin selection rather than to conserve specific replication sequence. This might explain that
only very few replication origins have been identified so far in multicellular eukaryotes, namely
around 20 in metazoa and only about 10 in human'8. Along the line of this epigenetic
interpretation, one might wonder what can be learned about eukaryotic DNA replication from
DNA sequence analysis.
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Figure 8: (a) Schematic representation of the divergent bi-directional progression of the two
replication forks from the replication origin. (b) Sgc calculated in 1 kbp windows along the
genomic sequence of Bacillus subtilis. (¢) Cumulated skew Y. The vertical lines correspond
respectively to the replication origin (O) and termination (T) positions. In (b) and (c), red
(blue) points correspond to sense (antisense) genes that have the same (opposite) orientation
than the sequence.
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5.1 Replication-associated strand asymmetries in prokaryotic genomes:
the replicon model

As mentioned in Section 3.2, the existence of replication associated strand asymmetries has
been mainly established in bacterial genomes®! . As illustrated in Figure 8, the GC and TA
skews abruptly switch sign (over few kbp) from negative to positive values at the replication
origin and in the opposite direction from positive to negative values at the replication termi-
nus. This step-like profile is characteristic of the replicon model*'°. In Bacillus subtilis, as in
most bacteria, the leading (resp. lagging) strand (Fig. 8(a)) is generally richer (resp. poorer)
in G than in C (Fig. 8(b)), and to a lesser extent in T than in A (data not shown). This
typical pattern is particularly clear when plotting the cumulated skews Ygc (Fig. 8(c)) and
Yra (Eq. (3)); both present decreasing (or increasing) profiles in regions situated 5’ (or 3’)
to the origin, displaying a characteristic V-shape pointing to the replication origin position
(similarly a characteristic A-shape is observed at the terminus position). The research of Vv
patterns in the cumulated skews has been extensively used as a strategy to detect the position
of the (unique) replication origin in (generally circular) bacterial genomes?? 9.

As shown in Figures 8(b) and 8(c), when looking at the gene organization around the
replication origin of Bacillus subtilis, one observes that most of the sense (resp. antisense)
genes are preferentially on the right (resp. left) of the replication origin. This suggests that
the replication forks progression is co-oriented with transcription, as to minimize the risk of
frontal collision between DNA and RNA polymerases 25128,

5.2 Analysis of strand asymmetries around experimentally determined
replication origins in the human genome

In eukaryotes, the existence of compositional biases is unclear and most attempts to detect
the replication origins from strand compositional asymmetry have been inconclusive. Sev-
eral studies have failed to show compositional biases related to replication, and analysis of
nucleotide substitutions in the region of the 3-globin replication origin in primates do not sup-
port the existence of mutational bias between the leading and the lagging strands?212%:130,
Other studies have led to rather opposite results. For instance, strand asymmetries associated
with replication have been observed in the subtelomeric regions of Saccharomyces cerevisiae
chromosomes, supporting the existence of replication-coupled asymmetric mutational pressure
in this organism!. With the same methodology as the one developed in Section 4 for gene
extremities, we present in this section analyses of strand asymmetries flanking experimentally
determined human replication origins3®39,

As shown in Figure 9, most of the known replication origins in the human genome corre-
spond to rather sharp (over several kbp) transitions from negative to positive Sta and Sgc
skew values that clearly emerge from the noisy background. This is reminiscent of the be-
havior observed in Figure 8 for Bacillus subtilis, except that the leading strand is relatively
enriched in T over A and in G over C. This observation is even more patent when looking at
the cumulated skew X1p and Yo profiles that both display characteristic V-shapes pointing
to the experimentally identified initiation zones. According to the gene environment, the
amplitude of the jump observed in the skew profiles can be more or less important and its
position more or less localized (from a few kbp to a few tens of kbp). Indeed, we have seen in
Section 4 that transcription generates positive TA and GC skews on the coding strand 3637132
which explains that larger jumps are observed when the sense and/or the antisense genes are
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Figure 9: TA and GC skew profiles around experimentally determined human replication
origins®®. (a) The skew profiles were determined in 1 kbp windows in regions surrounding
(+£100 kbp without repeats) experimentally determined human replication origins (see Sec-
tion 2.1). (Upper) TA and GC cumulated skew profiles ¥74 (thick line) and Xg¢ (thin line).
(Lower) Skew S calculated in the same regions. The AS amplitude associated with these
origins, calculated as the difference of the skews measured in 20 kbp windows on both sides of
the origins, are: MCM4 (31%), HSPA4 (29%), TOP1 (18%), MYC (14%), SCA7 (38%), and
AR (14%). (b) Cumulated skew profiles calculated in the six regions of the mouse genome
homologous to the human regions analyzed in (a). (c) Cumulated skew profiles in the six
regions of the dog genome homologous to human regions analyzed in (a). The abscissa (n)
represents the distance (in kbp) of a sequence window to the corresponding origin; the or-
dinate represents the values of S given in percent. The colors have the following meaning;:
red, sense genes (coding strand identical to the Watson strand); blue, antisense genes (cod-
ing strand opposite to the Watson strand); black, intergenic regions. In (c), genes are not
represented.
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Sta Sec S / G+C, %

Intergenic (H.s.) all 39+04 3.0+04 6.9+04 487 42
Intergenic (H.s.) ncr. 40=04 3.0+ 0.5 7.0 = 0.5 461 42
Intergenic (M.m.) ncr. 36+04 2.2+ 0.5 5.8+ 0.5 441 42
Siead (H.s. introns) 75*+03 6.8+04 143 +04 358 40
Slag (H.s. introns) -19+1.0 -03=14 -22*13 49 a4

Table 1: Strand asymmetries associated with human replication origins3®. The skews were

calculated in the regions flanking the six human replication origins (Fig. 9(a)) and in the
corresponding homologous regions of the mouse genome. Intergenic sequences were always
considered in the direction of replication fork progression (leading strand); they were consid-
ered in totality (all) or after elimination of conserved regions (ncr.) between human (Homo
sapiens, H.s.) and mouse (Mus musculus, M.m.) (see Section 2.1). To calculate the mean
skew in introns, the sequences were considered on the nontranscribed strand. For Sjc.q, the
orientation of transcription was the same as the replication fork progression; for Sj,,, the
situation was the opposite. The mean values of the skews St4, Sgc, and S are given in
percent (£SEM). [, total sequence length in kbp.

on the leading strand so that replication and transcription biases add to each other. To mea-
sure compositional asymmetries that would result from replication only, we have calculated
the skews in intergenic regions on both sides of the origins®®. The total skew S definitely
shifts from negative (S = —6.2 £ 0.4%) to positive (S = 11.1 £ 1%) values when crossing
the replication origin. This result strongly suggests the existence of mutational pressure as-
sociated with replication, leading to the mean compositional biases Sta = 4.0 & 0.4% and
Scc = 3.0+£0.5% (Table 1). Let us note that the value of the skew could vary from one origin
to another, possibly reflecting different initiation efficiencies. From the calculation of the
intron skew values on the leading and lagging strands reported in Table 1, one can estimate
the mean skew associated with transcription by subtracting intergenic skews from Sieaq values
giving Sta = 3.6 £0.7% and Sqgc = 3.8 £0.9%. These estimations are remarkably consistent
with those obtained with our large set of human introns in Section 4, further supporting the
existence of replication-coupled strand asymmetries. Overall, these results indicate that the
mean replication bias on the leading strand and the mean transcriptional bias on the coding
strand are of the same order of magnitude, namely S = Sta + Sgc ~ 7% (Table 1).

In that context, one can wonder to which extent the biases observed in intergenic regions
may result from the possible presence of still undetected genes. Two pieces of evidence
argue against this eventuality. First, we have been careful enough to retain as transcribed
regions one of the largest sets of transcripts available, resulting in a stringent definition
of intergenic regions. Second, several studies have demonstrated the existence of hitherto
unknown transcripts in regions where no protein coding genes have been previously identified
1337136~ Taking advantage of the set of non-protein-coding RNAs identified in the “H-Inv”
database37, we have checked that none of them are present in the intergenic regions studied
here. Finally we have eliminated the possibility that intergenic skews are due to conserved
sequences by checking that the removal of homologous segments found in the mouse genome
(~ 5.3% of all intergenic sequences) does not change significantly the skews in intergenic
regions®.
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Figure 10: Cumulated skew profiles calculated around the origin of replication DNMT1,
Lamin B2, and (-globin in the human genome: Y74 (thick line) and g (thin line). The
colors have the same meaning as in Figure 9.

5.3 Conservation of replication-associated strand asymmetries in mam-
malian genomes

As a next step of our study, we have analyzed®® the Sta an Sqc skew profiles in DNA regions
of mammalian genomes homologous to the six human origin investigated in Figure 9(a).
As shown in Figures 9(b) and 9(c), the human, mouse and dog cumulated skew profiles
look strikingly similar to each other, suggesting that in mouse and dog, these regions also
correspond to replication initiation zones (note that they are very similar in primate genomes).
For each replication origin, one robustly observes a V-shape characteristic of a sharp upward
jump from negative to positive skew values. A detailed examination of the mouse intergenic
regions suggests the existence of a compositional bias associated with replication S = Sta +
Sac ~ 5.8+£0.5% (Table 1). Let us point out that, at these homologous loci, human and mouse
intergenic sequences present almost no (~ 5.3%) conserved elements. Hence, the presence of
strand asymmetry in regions that have strongly diverged during evolution further supports
the existence of compositional bias associated with replication in both organisms. In the
absence of such a process, intergenic sequences would have lost a significant fraction of their
strand asymmetry.

Altogether, these results establish the existence of strand asymmetries associated with
replication in mammalian germ-line cells®®. They show that most replication origins experi-
mentally detected in somatic cells coincide with sharp upward transitions of the skew profile.
They also imply that for the majority of experimentally determined origins, the position of
initiation zones are conserved in mammalian genomes as recently confirmed by the identifi-
cation of a replication origin in the mouse MYC locus3®. Let us emphasize that among nine
human origins known experimentally, three do not present typical V-shape cumulated profiles
as reported in Figure 10. For DNMT1 (left panel in Fig. 10), the sharp central part of the
V profile is replaced by a large horizontal plateau (few tens of kbp), possibly reflecting the
presence of several origins dispersed over the whole plateau. Note that dispersed origins have
been observed, e.g. in the hamster DHFR initiation zone!'3?. By contrast, the cumulated
skew profiles of the Lamin B2 (central panel of Fig. 10) and -globin (right panel of Fig. 10)
origins present no V profile suggesting that they might be inactive in germ-line cells or less
active than neighboring origins.
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Figure 11: S profiles along mammalian genome fragments>8. (a) Fragment of chromosome 20
including the TOP1 origin (red vertical line). (b and ¢) Chromosome 4 and chromosome 9
fragments, respectively, with low GC content (36%). (d) Chromosome 22 fragment with larger
GC content (48%). In (a) and (b), vertical lines correspond to selected putative origins (see
Section 6.1); yellow lines are linear fits of the S values between successive putative origins.
Black, intergenic regions; red, sense genes; blue, antisense genes. Note the fully intergenic
regions upstream of TOP1 in (a) and from positions 5290-6850 kbp in (c). (e) Fragment of
mouse chromosome 4 homologous to the human fragment shown in (c). (f) Fragment of dog
chromosome 5 syntenic to the human fragment shown in (c¢). In (e) and (f), genes are not
represented.
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Figure 12: Skew profiles along a large fragment of the human chromosome 12. Repeat-masked
sequence (8 Mb): St (a), Sec (b), and S = Sra + Sgc (c). Native sequence (15.7 Mb):
Sta (27), Sgo (b)), and S (¢).

5.4 Factory-roof skew profiles in the human genome

As illustrated in Figure 11(a), for TOP1 replication origin, when examining the behavior
of the skews at larger distances from the origin, one does not observe a step-like pattern
with upward and downward jumps at the origin and termination positions respectively as
expected for the bacterial replicon model (Fig. 8(b)). Surprisingly, on both sides of the
upward jump, the noisy S profile decreases steadily in the 5’ to 3’ direction without clear
evidence of pronounced downward jumps. As shown in Figures 11(b—d), sharp upward jumps
of amplitude AS 2 15%, similar to the ones observed for the known replication origins
(Fig. 9), seem to exist also at many other locations along the human chromosomes. But the
most striking feature is the fact that in between two neighboring major upward jumps, not
only the noisy S profile does not present any comparable downward sharp transition, but it
displays a remarkable decreasing linear behavior. At chromosome scale, one thus gets jagged
S profiles that have the aspect of “factory roofs” 339, For comparison, we show in Figure 12,
the Sta, Scc and S profiles obtained for a large fragment of the human chromosome 12 after
(Figs. 12(a—)) and before (Figs. 12(a’—c’)) removing the repeated sequences (Section 2.1).
There is no doubt that repeated sequences increase the level of noise in the skew profiles.
Indeed factory roofs are more easily seen on the masked sequences and specially on the total
skews S = Sta + Sgco. As reported in Figure 13, the pdfs of STa, Sqgc and S are nearly
Gaussian for the masked sequences; some large tails are present but for skew amplitudes
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Figure 13: Probability density functions of the skews St4 (a), Sgo (b), and S = Spa + Sae
(c) values computed in nonoverlapping 1 kbp windows from the DNA sequences of the 22
human autosomal chromosomes. Symbols have the following meaning: (o) native sequences
and (e) repeat-masqued sequences.

larger than 40%. The fact that the skew pdfs of the native sequences, and more particularly
the Sta pdf, significantly depart from Gaussian distributions justifies, a posteriori, the need
of removing repeated sequences prior to our statistical analysis. Most of these sequences have
been inserted recently in the human genome and do not reflect long-term evolutionary skew
patterns.

The jagged S profiles shown in Figures 11(a—d) and 12(a—c) look somehow disordered be-
cause of the extreme variability in the distance between two successive upward jumps, from
spacing ~ 50 — 100 kbp (~ 100 — 200 kbp for the native sequences) up to 2-3 Mbp (~ 4-
5 Mbp for the native sequences) in agreement with recent experimental studies® that have
shown that mammalian replicons are heterogeneous in size with an average size ~ 500 kbp,
the largest ones being as large as a few Mbp. But what is important to notice is that some
of these segments between two successive upward jumps of the skew are entirely intergenic
(Figs. 11(a) and 11(c)), clearly illustrating the particular profile of a strand bias resulting
solely from replication®®3Y. In most other cases, one observes the superimposition of this
replication profile and of the step-like profiles of sense and antisense genes, appearing as
upward and downward blocks standing out from the replication pattern (Fig. 11(c)). Impor-
tantly, as illustrated in Figures 11(e) and 11(f), the factory-roof pattern is not specific to
human sequences but is also observed in numerous regions of the mouse and dog genomes?3®.

6 From the detection of putative replication origins to the
modeling of replication in the human genome

6.1 A wavelet-based method to detect putative replication origins

We have shown in Section 5 that experimentally determined human replication origins coincide
with large-amplitude upward transitions in noisy skew profiles. The corresponding AS ranges
between 14% and 38%, owing to possible different replication initiation efficiencies and/or
different contributions of transcriptional biases (Fig. 9). To predict replication origins, one
thus needs a methodology to detect discontinuities in noisy signals. As introduced in Section
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Figure 14: (a) Skew profiles of a fragment of Human chromosome 12. (b) WT of S using
g, W, [S](n,a) is coded from black (min) to red (max); three cuts of the WT at constant
scale a = a* = 200 kbp, 70 kbp and 20 kbp are superimposed together with five maxima lines
identified as pointing to upward jumps in the skew profile. (c) WT skeleton defined by the
maxima lines in blue (resp. red) when corresponding to positive (resp. negative) values of the
WT. At the scale a* = 200 kbp, one thus identify 7 upward (blue dots) and 8 downward (red
dots) jumps. The black dots in (b) correspond to the 5 WTMM of largest amplitude that
have been identified as putative replication origins; it is clear that the associated maxima
lines point to the 5 major upward jumps in the skew profile in the limit a — 0.
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Figure 15: Statistical analysis of the sharp jumps detected in the S profiles of the 22 human
autosomal chromosomes by the WT microscope at scale a* = 200 kbp for repeat-masked
sequences®*39.  |AS| = |S(3') — S(5')|, where the averages were computed over the two
adjacent 20 kbp windows, respectively, in the 3’ and 5 direction from the detected jump
location. (a) Histograms N(]AS|) of |AS| values. (b) N(|AS| > AS*) vs AS*. In (a) and
(b), the black (resp. red) line corresponds to downward AS < 0 (resp. upward AS > 0)
jumps. R = 3 corresponds to the ratio of upward over downward jumps presenting an
amplitude |AS| > 12.5% (see text).

2.3, the continuous wavelet transform is a mathematical microscope that is well adapted for
singularity tracking 26729 The basic principle of the detection of jumps in the skew profiles
with the WT is illustrated in Figure 14. From Eq. (7), when using the first-derivative of the
Gaussian function as analyzing wavelet, it is obvious that at a fixed scale a, a large value of
the modulus of the WT coefficient corresponds to a strong derivative of the smoothed skew
profile. In particular, jumps manifest as local maxima of the WT modulus as illustrated for
three different scales in Figure 14(b). The main issue when dealing with noisy signals like
the skew profile in Figure 14(a), is to distinguish the local WT modulus maxima (WTMM)
associated to the jumps from those induced by the noise. In this respect, the freedom in the
choice of the smoothing scale a is fundamental since, whereas the noise amplitude is reduced
when increasing the smoothing scale, an isolated jump contributes equally at all scales.

As shown in Figure 14(c), our methodology consists in computing the WT skeleton 32738
defined by the set of maxima lines obtained by connecting the WTMM across scales. Then
we select a scale a* = 200 kbp which is smaller than the typical replicon size and larger
than the typical gene size. In this way, we not only reduce the effect of the noise but we
also reduce the contribution of the upward (5’ extremity) and backward (3’ extremity) jumps
associated to the step-like skew pattern induced by transcription only (Fig. 7), to the benefit
of maintaining a good sensitivity to replication induced jumps. The maxima lines that exist
at that scale a* are likely to point to jump positions at small scale (Fig. 14(c)). The detected
jump locations are estimated as the positions at scale 20 kbp of the so-selected maxima lines.
According to Eq. (7), upward (resp. downward) jumps are indentified by the maxima lines
corresponding to positive (resp. negative) values of the WT as illustrated in Figure 14(c)
by the blue (resp. red) maxima lines. When applying this methodology to the total skew
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Figure 16: Statistical analysis of the sharp jumps detected in the S profiles of the 22 human
autosomal chromosomes by the WT microscope at scale a* = 200 kbp for repeat-masked
sequences '%?. The detected jumps have been classified into three categories according to the
GC content found in a 100 kbp window centered at the position of the jump. Same as in
Figure 15: (a,a’) G+C< 37%; (b,b’) 37% <G+C< 42%; (c,¢’) 42% <G+C.
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S along the repeat-masked DNA sequences of the 22 human autosomal chromosomes, 2415
upward jumps are detected and, as expected, a similar number (namely 2686) of downward
jumps. In Figure 15(a) are reported the histograms of the amplitude |AS| of the so-identified
upward (AS > 0) and downward (AS < 0) jumps respectively. These histograms do not
superimpose, the former being significantly shifted to larger |AS| values. When plotting
N(|AS| > AS*) versus AS* in Figure 15(b), one can see that the number of large amplitude
upward jumps overexceeds the number of large amplitude downward jumps. These results 3839
confirm that most of the sharp upward transitions in the S profiles in Figures 11 and 14(a)
have no sharp downward transition counterpart. This excess likely results from the fact that,
contrasting with the prokaryote replicon model (Fig. 8) where downward jumps result from
precisely positioned replication terminations, in mammals termination appears not to occur
at specific positions but to be randomly distributed3®3? (this point will be detailed in Section
6.3). Accordingly the small number of downward jumps with large |AS| is likely to result
from transcription (Fig. 7) and not from replication. These jumps are probably due to highly
biased genes that also generate a small number of large-amplitude upward jumps, giving rise
to false-positive candidate replication origins. In that respect, the number of large downward
jumps can be taken as an estimation of the number of false positives. In a first step, we have
retained as acceptable a proportion of 33% of false positives. As shown in Figure 15(b), this
value results from the selection of upward and downward jumps of amplitude |AS| > 12.5%,
corresponding to a ratio of upward over downward jumps R = 3. Let us notice that the value
of this ratio is highly variable along the chromosome (Fig. 16). In G+C poor regions, namely
G+C<37%, we observe in Figures 16(a,a’) the largest R value, namely R = 6.5. In regions
with 37%<G+C<42%, we obtain R = 3.9 (Fig. 16(b,b’)) that contrasts with small R values,
R =1.9 (Fig. 16(c,¢’)) found in regions with G+C>42%. In these latter regions (accounting
for ~40% of the genome) with high gene density and small gene length®!', the skew profiles
oscillate rapidly with large upward and downward amplitudes (Fig. 11(d)), resulting in a too
large estimate of the number of false positives (~53%).

In a final step, we have decided®® to retain as putative replication origins upward jumps
with |AS| > 12.5% detected in regions with G4+C < 42%. This selection leads to a set of
1012 candidates among which our estimate of the proportion of true replication origins is 79%
(R =4.76). Some of these putative replication origins are illustrated in Figure 11.

6.2 Gene organization around the 1012 putative replication origins in the
human genome

The mean amplitude of the upward jumps associated with the 1012 putative origins is 18%,
consistent with the range of values observed for the six experimentally known origins in
Figure 9. Let us remark that all six origins have been identified by our detection methodology.
When investigating the gene content around these putative origins'%?, one finds that in a close
vincinity (+20 kbp), most DNA sequences (55% of the analyzing windows) are transcribed
in the same direction as the progression of the replication fork (namely sense genes on the
3’- side of the origin and antisense genes on the 5'- side). By contrast, only 7% of the
sequences are transcribed in the opposite direction (38% are intergenic). These results show
that the |[AS| amplitude at putative origins mostly results from superimposition of biases (i)
associated with replication and (ii) with transcription of the genes proximal to the origin.
Determining whether transcription is co-oriented with replication at larger distances is the
subject of current study.
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Figure 17: Mean skew profile of intergenic regions around putative replication origins®®. The
skew S was calculated in 1 kbp windows (Watson strand) around the position (300 kbp
without repeats) of the 1012 detected upward jumps; 5 and 3’ transcript extremities were
extended by 0.5 and 2 kbp, respectively (o), or by 10 kbp at both ends (x). The abscissa
represents the distance (in kbp) to the corresponding origin; the ordinate represents the skews
calculated for the windows situated in intergenic regions (mean values for all discontinuities
and for 10 consecutive 1 kbp window positions). The skews are given in percent (vertical
bars, SEM). The lines correspond to linear fits of the values of the skew (x) for n < —100 kbp
and n > 100 kbp.

In Figure 17 is shown the mean skew profile calculated in intergenic windows on both
sides of the 1012 putative replication origins3®. This mean skew profile presents a rather sharp
transition from negative to positive values when crossing the origin position. To avoid any bias
in the skew values that could result from incompletely annotated gene extremities (e.g. 5’ and
3’ UTRs), we have removed 10-kbp sequences at both ends of all annotated transcripts. As
shown in Figure 17, the removal of these intergenic sequences does not significantly modifies
the mean skew profile, indicating that the observed values do not result from transcription.
On both sides of the jump, we observe a linear decrease of the bias with some flattening of
the profile close to the transition point. Note that, due to (i) the potential presence of signals
implicated in replication initiation and (ii) the possible existence of dispersed origins3", one
might question the meaningfulness of this flattening that leads to a significant underestimate
of the jump amplitude. Furthermore, according to our detection methodology, the numerical
uncertainty on the putative origin position estimate may also contribute to this flattening.
As illustrated in Figure 17, when extrapolating the linear behavior observed at distances
> 100 kbp from the jump, one gets a skew of 5.3%, i.e. a value consistent with the skew
measured in intergenic regions around the six experimentally known replication origins namely
7.0 £0.5% (Table 1). Overall, the detection of sharp upward jumps in the skew profiles with
characteristics similar to those of experimentally determined replication origins and with no
downward counterpart further supports the existence, in human chromosomes, of replication-
associated strand asymmetries, leading to the identification of numerous putative replication
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Figure 18: Model of replication termination3®39. Schematic representation of the skew profiles
associated with three replication origins O1, O2, and Os; we suppose that these replication
origins are adjacent, bidirectional origins with similar replication efficiency. The abscissa rep-
resents the sequence position; the ordinate represents the S value (arbitrary units). Upward
(or downward) steps correspond to origin (or termination) positions. For convenience, the
termination sites are symmetric relative to Oz. (Left) Three different termination positions
T;, T, and Ty, leading to elementary skew profiles S;, S;, and Si. (Center) Superposition of
these three profiles. (Right) Superposition of a large number of elementary profiles leading to
the final factory-roof pattern. In the simple model, termination occurs with equal probability
on both sides of the origins, leading to the linear profile (thick line). In the alternative model,
replication termination is more likely to occur at lower rates close to the origins, leading to a
flattening of the profile (gray line).

origins active in germ-line cells.

6.3 A model of replication in mammalian genomes

Following the observation of jagged skew profiles similar to factory roofs in Section 5.4, and
the quantitative confirmation of the existence of such (piecewise linear) profiles in the neigh-
borhood of 1012 putative origins in Figure 17, we have proposed, in Touchon et al.?® and
Brodie of Brodie et al.?", a rather crude model for replication in the human genome that
relies on the hypothesis that the replication origins are quite well positioned while the ter-
minations are randomly distributed. Although some replication origins have been found at
specific sites in S. cerevisiae and to some extent in Schizosaccharomyces pombe°, they occur
randomly between active origins in Xenopus egg extracts'4%142. Our results indicate that
this property can be extended to replication in human germ-line cells. As illustrated in Fig-
ure 18, replication termination is likely to rely on the existence of numerous termination sites
distributed along the sequence. For each termination site (used in a small proportion of cell
cycles), strand asymmetries associated with replication will generate a step-like skew profile
with a downward jump at the position of termination and upward jumps at the positions
of the adjacent origins (as in bacteria, Fig. 8(b)). Various termination positions will thus
correspond to classical replicon-like skew profiles (Fig. 18, left panel). Addition of those pro-
files will generate the intermediate profile (Fig. 18, central panel). In a simple picture, we
can reasonably suppose that termination occurs with constant probability at any position on
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the sequence. This behavior can, for example, result from the binding of some termination
factor at any position between successive origins, leading to a homogeneous distribution of
termination sites during successive cell cycles. The final skew profile is then a linear segment
decreasing between successive origins (Fig. 18, right panel). Let us point out that firing of
replication origins during time interval of the S phase!#® might result in some flattening of
the skew profile at the origins as sketched in Figure 18 (right panel, gray curve). In the
present state, our results383? support the hypothesis of random replication termination in
human, and more generally in mammalian cells (Figs. 9 and 11), but further analyses will be
necessary to determine what scenario is precisely at work.

In conclusion, we have revealed a factory roof skew profile as an alternative in mammalian
genomes to the replicon step-like profile observed in bacteria (Fig. 8). This pattern is displayed
by a set of 1012 upward transitions, each flanked on each side by DNA segments of ~ 300 kbp
(without repeats), which can be roughly estimated to correspond to 20-30% of the human
genome. In these regions, which are characterized by low and medium G+C content (G+C<
42%), skew profiles reveal a portrait of germ-line replication consisting of putative origins
separated by rather long DNA segments (~ 1 — 3 Mbp on the native sequences). Although
such segments are much larger than expected from the classical view®3® (~ 100 kbp to
500 kbp on the native sequences), they are not incompatible with estimations showing that
replicon size can reach up to 1 Mbp®3®_ and that replicating units in meiotic chromosomes
are much longer than those engaged in sommatic cells'4. Finally, it is not unlikely that in
G+C-rich (gene-rich) regions (Fig. 11(d)) replication origins would be closer to each other
than in other regions, further explaining the greater difficulty in detecting origins in these
regions. Indeed, the wavelet-based methodology described in Section 6.1 remains efficient as
long as there exists a clear separation between the characteristic size of a replicon and the
characteristic size of a gene; while this separation is unquestionable at low and medium G+C
content, this is no longer obvious in high GC regions.

For more details on the existence and modeling of replication associated strand asymme-
tries in mammalian genomes, we refer the reader to the PhD thesis manuscripts of E.B. Brodie
of Brodie”®, S. Nicolay?” and M. Touchon'%?.

7 From sequence analysis to the modeling of the chromatin
tertiary structure

Some fifty years ago, Asakura and Qosawa %> pointed out that two large rigid spheres im-
mersed in a solution of smaller spheres are subject to an attractive force due to the depletion
induced by increasing the space available to small spheres as the large ones come close to one
another. Snir and Kamien'4® have shown recently that short molecular chains, modelled as
stiff (but not rigid) impenetrable tubes, are driven to a helix configuration using the same
depletion argument. However this holds only for uniform and relatively short tubes of length
of the order of a few persistence lengths [, of the rod. On longer chains, the picture rapidly
grows in complexity with a plethora of optimal configurations (e.g. hairpin, beta-sheet, su-
perhelix, torus) leading to an overwhelmingly rich phase diagram. In this section, our goal
is to show that the presence of chromatin fiber rosettes can be explained using a depletion
argument for long tubes with “frozen”, heterogeneously distributed elastic and/or geometric
properties. By frozen we mean that these fluctuations are imprinted on the 30 nm chromatin
fiber by the sequence itself. Indeed, the fiber is known to be dependent upon the proper-
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Figure 19: Examples of possible local defects along the fiber. (a) Local swelling or attachment
of an external agent (e.g. RNA polymerases in the model of Cook?%23); (b) local shrinking; (c)
any form of fiber denaturation inducing a depletive potential well, according to the position
along the fiber and the entry-exit angle; (d) as an example of (c), the fiber seen as a compact
helix (condensed nucleosomal array) with local partial decondensation illustrating a situation
where the excluded volume gain is quite important and the entry-exit angle is fixed.

ties of the nucleosomal string-of-beads 4”159 which in turn is influenced by the double helix

intrinsic structural disorder induced by the sequence. In essence, it comes down to ask the
following question: is there a topological configuration in which the fiber is most likely to
self-organize reproducibly?

For a semi-flexible tube in a dilute environment, local repulsive potentials among parts
of the fiber induce a self-avoiding random walk configuration (swollen coil**!). In a crowded
environment, the depletive action may dominate and the fiber will tend to collapse on itself,
forming a globular phase. We know from standard statistical physics of polymers that this
latter phase does not admit a universal description in terms of macroscopic parameters (such
as total length, Kuhn length and virial coefficients) but rather depends on a detailed under-
standing of the interaction potential. However, an important feature of the depletive potential
lies in its simplistic geometrical nature. We thus consider a system constituted of a dense
fluid of hard spheres bathing a semi-flexible tube. The tube is assumed to be non-uniform,
with localized geometrical defects (e.g. local thickening or thinning of the cross-section, see
Figure 19). The elastic nature of the tube prevents the appearance of too high curvature
points; consequently the first step in the condensation of the tube is the formation of loops.
Loop formation involves a competition between the bending energy of the tube and the en-
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Figure 20: Steps involved in loop formation: (a) free evolution of the tube in depletive
environment; (b) formation of an unstable loop at around 3.4 [,; (c) gliding of the loop
governed by the positions of the two contact points along the fiber and the entry-exit angle;
(d) trapping of the loop by local defects. The translucent green surface represents the excluded
volume for the fluid of hard spheres; in (b,c,d) one sees that some of the excluded volume is
reduced from the overlap resulting from formation of the loop.

tropic gain of the hard sphere fluid. The free energy cost is dominated by elastic energy for
small loops and by entropy for large ones. This results in a preferential length of 3.4[, in the
worm-like-chain (WLC) model 152153,

Once a loop is formed, contact will be maintained by depletive forces; hence the loop will
preferentially relax through local gliding of the two contact points (Fig. 20). This is where
local defects come into play: when they meet from this gliding process, they act as local
geometrical wells and “stick” together. This defect-induced stabilization is important since it
prevents further depletive mechanisms to take place. Indeed by modifying locally the angle of
tangent vectors at the contact points, the depletion force could drive them to align in opposite
directions, forming the first turn of an helix or toroidal condensate; alternatively it could align
them in the same direction, favoring the formation of hairpins. The presence of defects, by
favoring a specific contact geometry, breaks the symmetries (translational, axial) essential to
the formation of these compact structures, drastically modifying the phase diagram. The
condensation rather occurs via the aggregation of defects, inducing rosette-like patterns.

In that context we propose ®* to characterize the distribution of the number of leaves per
rosette from minimal parametrization of the system. We consider a dense fluid composed
of a large number N, of identical spheres, bathing a tube which, for simplicity, contains N
equidistant defects, separated by a distance [ along the tube. We assume that rosettes are
formed while respecting sequential order of defects along the tube. Let n denote the number
of rosettes along the tube; solitary defects are also considered as trivial “rosettes” with zero
leaves. Obviously the case where n = N represents the absence of clustering since all defects
are then solitary. On the other hand the case where n = 1 corresponds to a single large
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rosette assembling all defects.

We separate in a natural fashion the system in two parts, namely the hard sphere fluid
and the tube itself. Let F, F; and F, denote the free energies of the system, the tube and
the spheres respectively (all of which depend on n) such that we can write F' = F; 4+ Fs. The
most probable value for n is obtained by taking the derivative of F' with respect to n and
equating to zero. This derivative is simply the chemical potential u, of a rosette:

_or _ om0
““_an  On on

0. (10)

The equation of state of a fluid of hard spheres has been extensively studied in the past!%°.

We follow the method used by Dinsmore et al.!5% and make use of the Carnahan-Starling
approximation 157,
P(n)Vs(n) _ 14+o+¢*—¢° ()
NskgT (1—p)3 7

where ¢ = Nyvs/Vs(n) is the density of the spheres, Ps(n) the fluid osmotic pressure, v, the
volume of each sphere and V(n) is the volume available to the spheres. The F; term can be
expressed as

F,=Ey+ (N —n)-AF — kT - log (;) (12)

where AF; > 0 is the free energy cost for the formation of a single loop, and Ej is an energy
term assumed to be independent of n. The last term on r.h.s. of Eq. (12) corresponds to the
number of arrangements of n rosettes from N defects and contributes to the entropy of the

tube. From Egs. (11) and (12) and from the thermodynamical identity g% = —P;, we get:

N —
wr = —kpT -log ( n) — AF;
n
Vo) [P+ P +d -t
+ kBT N < © ) ° < ’ 13
Us (1 - 90)3 ( )
where vgy = —%‘fj represents the overlapping excluded volume of two interleaved defects, i.e.

the volume gain for the spheres due to the interaction between two defects. From Eq. (13), we
see that this simple model depends on three parameters: the free energy cost of a loop AFj,
the normalized overlap volume per loop vey/vs and the sphere density ¢. The free energy
cost of a loop can be approximated by

1
ARy = kT -1 l,k* < 6kpT, (14)

where [ ~ 3.41,, is the length of a typical loop and s ~ 27/l its average curvature. Physiological
values for the hard-sphere fluid density ® = ¢(n = N) vary between!®® ~ 0.2 ~ 0.3. For a
30nm fiber we can expect v, ~ (10nm)3; the typical size of proteins is vs ~ (5nm)3, leading
to values of voy1/vs around 10.

As illustrated in Figure 21, increasing the sphere density ® or the normalized overlap
volume results in an increase of the average number of leaves per rosette (N/n — 1), thus
in a more compact structure. On the other hand, increasing the free energy cost of loop
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Figure 21: The chemical potential is shown as a function of the number of leaves per rosette
(N/n —1). The solid curve serves as a reference and corresponds to the following parameter
values: ® = 0.24, AF; = 6kpT and v,y /vs = 10. For these values, an average value of 2.77
leaves (o) per rosette is expected. Increasing ® to 0.25 increases the average to 5.39 (A);
similarly, increasing voy1/vs to 12 results in an average value of 11.27 (¢). Increasing AF; to
7TkpT reduces the average to 1.02 (0OJ).

formation (stiffening of the fiber) decreases the average number of leaves. Interestingly, we
find that the average number of leaves per rosette can be regulated by fine tuning the values
of these parameters within physiological range (Fig. 21). For instance, for vyy/vs = 10 and
AF; = 6kpT and varying ® between 0.24 and 0.25 results in the average number of leaves per
rosette running from 2.77, i.e. low clustering, to 6.39. This provides attractive scenarios for
the spontaneous emergence of chromatin rosettes in the nucleus milieu prior to their possible
further stabilization by external factors (e.g. specific DNA binding proteins)23:70:83:123,
Various models of interphase chromatin based on a multi-looped structure of the 30nm
fiber have been proposed in the literature!® 2!, but they all involve interaction with some
nucleoproteic complexes to organize the structure, e.g. the scaffolding proteins that interact
specifically at certain DNA regions (Scaffold Associated Regions) to fold the fiber 41 or the
transcription complexes strung along the genome that clusterize and consequently fold the
chromatin fiber??2?3. The main message of the present work is the possibility that the chro-
matin fiber self-organizes into rosette-like patterns in the crowded environment of the nucleus
thanks to its heterogeneous structure. Recent modeling 148149 has revealed an extreme sensi-
tivity of the internal fiber conformation to the local structural and mechanical properties of
the nucleosomal string, e.g. the linker length, the entry-exit angle between the linkers or the
twist angle along a linker. The fiber local structure is known to be controlled by epigenetic
modifications of these architectural nucleosomal parameters!4”49 (DNA methylation, his-
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Figure 22: Illustration of the fiber defects clustering dynamics. The number of leaves per
rosette fluctuates from one rosette to the next; this is due both to statistical fluctuations and
variations in the local environment. From one cell cycle (up) to the next (down), leaves can
be exchanged between neighboring rosettes.

tone modifications,...). Yet as suggested by recent modeling of the thermodynamics of DNA
loops3%:3L, the local properties of the nucleosomal string are also conditioned by the primary
DNA sequence which codes for the structural disorder intrinsic to the DNA double helix.
Therefore the structural defects of the fiber can be encoded in the sequence. The entropy-
driven fiber folding mechanism described above!®* leads to the aggregation of neighboring
defects into clusters that ensures high local concentration of distant DNA target sites. This
clustering is likely to favor the recruiting of protein complexes involved in the activation of
replication and transcription. In this context, the set of 1012 putative replication initiation
zones identified in the human genome3®39 (Section 6) provides priviledged locations for some
intrinsic decondensated fiber defects. The spontaneous emergence of rosette patterns (likely
stabilized by the Origin Replication Complexes) provides a very attractive description of the
so-called replication foci®183:84:123 that have been observed in interphase mammelian nuclei as
stable structural domains of autonomous replication that persist during all cell cycle stages.
Furthermore, the remarkable gene organization discovered around the putative replication
origins 383 strongly suggests that these rosettes contribute to the compartmentalization of
the genome into autonomous domains of gene transcription. Via the self-organizing structural
role of the replication origins, the DNA sequence might therefore code, to some extent, for the
tertiary chromatin structure. Even though one expects to observe, from one cell cycle to the
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Figure 23: Ilustration of the spontaneous emergence of rosette-like folding of the chromatin
fiber in the crowded environment of the cell nucleus.

next, fluctuations in the number of loops contained in each rosette as illustrated in Figure 22,
the perennity of defects is likely to ensure the inheritance of the interphase chromatin rosette
organization. As an illustration, we present in Figure 23 the picture of a rosette-like pattern
of the chromatin fiber in a crowded, heterogenous environment mimicking the cell nucleus.

8 Perspectives

In a recent past, the DNA double helix was simply considered as a biological macromolecule
(a polymer) that contains our genic heritage (genotype). The regulation and control of DNA
replication and expression was supposed to be fully delegated to proteins. Nowadays, DNA
is more and more recognized as a complex heteropolymer whose structural and mechanical
properties play a relevant part in the management of the gene information it carries. The
results reported in this Chapter concerning the analysis at the genome scale of mammalian
DNA sequences353?, together with the results obtained in a previous study ' 1339732 of the
long-range correlations exhibited by eukaryotic DNA sequences up to distances of a few tens of
kbp, demonstrate that there is a lot of information encoded in the DNA sequences concerning
the different stages of compaction of DNA inside the nucleus of mammalian cells (Fig. 1).
Surprisingly, if the sequence codes for the local structural and mechanical properties of the
double helix and in turn influences the formation and dynamics of the nucleosomal string,
our results show that it also conditions to some extent the next levels of compaction, via the
self-organized formation of chromatin fiber rosette patterns that are likely to define structural
domains of autonomous DNA replication and gene expression. Since introns and intergenic
regions constitute more than 95% of the human genome, our study therefore contribute to
give a role to the noncoding regions in eukaryotic genomes. These regions actually play a
driving role in the condensation and decondensation processes of the chromatin architecture
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as well as in many related regulative functions.

The results reported in this Chapter open new persepectives in DNA sequence analysis,
modeling as well as in experiment. For a methodological point of view, there is some hope to
improve the efficiency of our wavelet-based method to detect the replication origins (Section
6.1). So far our strategy was based on the use of the first-derivative of the Gaussian function
as analyzing wavelet to detect sharp upward jumps in the noisy skew profiles. Along the
line of the model of replication we propose in Section 6.3 to account for the observed factory
roof skew profiles in mammalian genomes, we consider the use of an analyzing wavelet that
has exactly the jagged shape predicted by this model as illustrated in Figure 18(c). By
adapting the optics of our mathematical WT microscope, we should be in better position
to face the observed variability in size of the replication domains. The implementation of
a replication pattern matching algorithm in the space-scale representation provided by the
WT is in current progress””. From a bioinformatics and modeling point of view, we plan to
study the lexical and structural characteristics of our set of putative origins. In particular
we will search for conserved sequence motifs in these replication initiation zones. Using a
sequence-dependent model of DNA-histones interactions, we will develop physical study of
nucleosome formation and diffusion along the DNA fiber around the putative replication
origins. From an experimental point of view, our study raises new opportunities for future
experiments. The first one concerns the experimental validation of the predicted replication
origins (e.g. by molecular combing of DNA molecules'®?), which will allow us to determine
precisely the existence of replication origins in given genome regions. Large scale study
of all candidate origins is in current progress in the laboratory of O. Hyrien (ENS, Ulm).
The second experimental project consists in using Atomic Force Microscopy (AFM)1%? and
Surface Plasmon Resonance Microscopy (SPRM)!6! to visualize and study the structural
and mechanical properties of the DNA double helix, the nucleosomal string and the 30nm
chromatin fiber around the predicted replication origins. This work is in current progress
in the experimental group of F. Argoul and C. Moskalenko at the Laboratoire Joliot-Curie
(ENS, Lyon). Finally the third experimental perspective concerns in situ studies of replication
origins. Using fluorescence techniques (FISH chromosome painting®’), we plan to study the
distributions and dynamics of origins in the cell nucleus, as well as chromosome domains
potentially associated with territories and their possible relation to nuclear matrix attachment
sites. This study is likely to provide evidence of chromatin rosette patterns as suggested in
Section 7. This study is under progress in the molecular biology experimental group of
F. Mongelard at the Laboratoire Joliot-Curie.
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