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ABSTRACT replication have been observed in the subtelomeric regioBaof
We explore large-scale nucleotide compositional fluctuations alon haromyces cerevisiaghromosomes, supporting the existence of

the human genome through the optics of the wavelet transform mf- pllclaztlorjl_-kcl:oupled ﬁiymmetrlctmutalglpntal pt:esstuhretln_mls or%an-
croscope. Analysis of the TA and GC skews reveals the existen lTat[e rr]1hlti si?l?rﬂethg dpc:E)Sg;e)/n ovrzlgrcalﬁ tg :O%Vé eﬁ e\;lvtl di : en n?ar(lzl e
of strand asymmetries associated to transcription and/or replicatioﬂﬁ L y S 2
The investigation of 14854 intron-containing genes shows that bot edcontlnbu_tlons to the_striamd %syrr]mlw?etnesrl]nd'uced b¥(§ransqr|ptlon
skews display a characteristic step-like profile exhibiting sharp tran2" rep_lcatlonl re}spectlve y and challenge the issue of detecting pu-
sitions between transcribed (finite bias) and non-transcribed (zert(."?‘t'veorl directly from genomic sequences.
Eloa;]s)e)r(eglqns. As we observe for 7 out of 9 origins of replica 2 TRANSCRIPTION-INDUCED STEP-LIKE SKEW
perimentally identified so far, the (AT+GC) skew exhibits PROFILES IN THE HUMAN GENOME
rather sharp upward jumps, with a linear decreasing profile in be-
tween two successive jumps. We describe a multi-scale methodie have started examining nucleotide compositional strand asym-
ology that allows us to predict 1012 replication origins in the 22metries in transcribed regions of the human genome [13, 14]. Se-
human autosomal chromosomes. We present a model of replicguences and gene annotation data were downloaded from the UCSC
tion with well-positioned replication origins and random termina- Genome server, for the human (July 2003 in section 2, May 2004
tion sites that accounts for the observed characteristic serrated skew sections 3 and 4), mouse (May 2004) and dog (July 2004)
profiles. We emphasize these putative replication initiation zonegenomes. To exclude repetitive elements that might have been in-
as regions where the chromatin fiber is likely to be more open sgerted recently and would not reflect long-term evolutionary pat-
that DNA be easily accessible. In the crowded environment of theerns, we useBEPEATMASKERading to a reduction e£40-50%
cell nucleus, these intrinsic decondensed structural defects actually the human sequence length. All analyses were carried out using
predisposes the fiber to spontaneously form rosette-like structureadNOWNGENhnotations. The TA and GC skews were calculated
that provide an attractive description of genome organization inten non-overlapping windows of size 1-kbp as:
replication foci that are observed in interphase mammalian nuclei.
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1. INTRODUCTION Sta Nt +nNa Sec NG +nNc @

During genome evolution, mutations do not occur at random asvherena, Nc, Ng andnr are respectively the numbers of A, C, G
illustrated by the diversity of the nucleotide substitution rate val-and T in the windows. Because of the observed correlation between
ues [1]. This non-randomness is considered as a by-product of th&s andSsc, we also considered the total sk&a= Sra + Sec.
various DNA mutation and repair processes that can affect each In Figure 1 are reported the mean values of these skews for
of the two DNA strands differently. Deviations from intrastrand 14854 intron containing genes as a function of the distance to the
equimolarities, the so-called Chargaff’s second parity rule [2], havé'- or 3'- end. At the 5’ gene extremities (Figure 1(a)), a sharp tran-
been extensively studied during the past decade and the observsition of both skews is observed from about zero values in the inter-
skews have been attributed to asymmetries intrinsic to the replicagenic regions to finite positive values in transcribed regions ranging
tion and/or to the transcription processes. Asymmetries of substbetween 4 and 6% foBra and between 3 and 5% f@&;c. At
tution rates coupled to transcription have been mainly observed ithe gene 3'- extremities (Figure 1(b)), the TA and GC skews also
prokaryotes [3, 4], with only preliminary results in eukaryotes [5]. exhibit transitions from significantly large values in transcribed re-
Strand asymmetries (i.e.,4C and F£A) associated with the po- gions to very small values in untranscribed regions. In compari-
larity of replication have been found in bacterial, mitochondrial andson to the steep transitions observed at 5’- ends, the 3’- end pro-
viral genomes [6-9] where they have been used to detect replicdifes present a slightly smoother transition pattern extending over
tions origins. In most cases, the leading replication strand presents5 kbp and including regions downstream of the 3'- end likely re-
an excess of G over C and of T over A. Along one DNA strand, theflecting the fact that transcription continues to some extent down-
sign of this bias changes abruptly at the replication origi)@nd  stream of the polyadenylation site. The results reported in Figure 1
terminus fer). suggest thaBra andSgc are constant along introns. Since introns

In eukaryotes, the existence of compositional biases is uncleamount for about 80% of gene sequences, this means that skew pro-
and most attempts to detect thie from strand compositional asym- files induced by transcription processes have a characteristic step-
metry have been inconclusive. Several studies have failed to sholike shape [13, 14]. However, the absence of asymmetries in inter-
compositional biases related to replication, and analysis of nugenic regions does not exclude the possibility of additional repli-
cleotide substitutions in the region of tifieglobin ori in primates  cation associated biases. Such biases would present opposite signs
do not support the existence of mutational bias between the leadn leading and lagging strands and would cancel each other in our
ing and lagging strands [7, 10, 11]. Other studies have led to rathestatistical analysis as a result of the spatial distribution of multiple
opposite results. For instance, strand asymmetries associated withknownori [15].
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Figure 1: Sra () andSgc (¢) calculated in 1 kbp windows at the
distance (n) on the native sequences to the indicated gene extremity;
zero values of abscissa correspond to 5'- (a) or 3'- (b) gene extrem-
ities. In ordinate is reported the mean value of the skews over our
set of 14854 intron-containing genes. Error bars represent the stan- -1 ° 1
dard error of the means. In order to avoid the skews associated with n (Mb)
exonic and splicing signal§ra and Ssc were calculated only on
intronic sequences after removing 560 bp at both intron extremities.
Figure 2: (a) Schematic representation of the divergent bi-
directional progression of the two replication forks from the.
3. REPLICATION-INDUCED FACTORY-ROOF-LIKE (b) Sac calculated in 1 kbp windows along the sequencBadillus

SKEW PROFILES IN MAMMALIAN GENOMES s_u_btilis_; the vertical lines correspond to tleei (O) andter (T) po-
sitions; the red (blue) points correspond to sense (antisense) genes

DNA replication is an essential genomic function responsible forthat have the same (opposite) orientation than the sequence.
the accurate transmission of genetic information through successive

cell generations. According to the so-called “replicon” paradigm

derived from prokaryotes [16], this process starts with the bindin
of some “initiator” protein to a specific “replicator” DNA sequence

calledorigin of replication(ori). The recruitment of additional fac- progression is co-oriented with transcription, as to minimize the risk

tors initiate the bi-directional progression of two divergent repli- o
cation forks along the chromosome. As illustrated in Figure 2(a),Of frontal collision between DNA and RNA polymerases [26, 27].

one strand is replicated continuously (leading strand), while the ] ] )
other strand is replicated in discrete steps towardoth@agging 3.2 Analysis of strand asymmetries around experimentally de-
strand). In eukaryotic cells, this event is initiated at a number ofermined replication origins in the human genome

ori and propagates until two converging forks collide @=[17].  Aq shown in Figure 3(a) for the TORri, 6 among the ®ri that
The initiation of differentori is coupled to the cell cycle but there | o "\ oo experimentally identified in the human genome, cor-

is a definite flexibility in the usage of theri at different develop- | e : .
; f espond to rather sharp transitions from negative to posiye
mental stages [18-22]. Also, it can be strongly influenced by th ndpSGc skew values tﬁat clearly emerge f?om the npoisy back-

distance and activation timing of neighboriog, by the transcrip- . .
. . . ground [24, 25] (note that among the exceptions, the Lamin B2 and
tional activity and by the local chromatin structure [19-22]. Ac- B-globin ori, might well be inactive in germline or less frequently

tually, sequence requirements foram vary significantly between o' than the adjacenti). This is reminiscent of the behavior
different eukaryotic organisms. In the unicelluBaccharomyces ,pcorved in Figure 2 foBacillus subtilis except that the leading
cerevisiagtheori spread over 100-150 bp and present some hlghlystrand is relatively enriched in T over A and in G over C. According

conskt)ar\éﬁd m_otlfs [|17]‘ In the fission yee&thlzr?j?ccharc()jmyces to the gene environment, the amplitude of the jump observed in the
pombethere is no clear consensus sequence anarifspread over gy g, profiles can be more or less important and its position more or

at least 800 to 1000 bp [17]. In multicellular organisms, #e <5 |ocalized (from a few kbp to a few tens of kbp). Indeed, we have
are rather poorly defined and initiation may occur at multiple sites. .o 'in section 2 that franscription generates positive TA and GC

distributed over thousands of base pairs [23]. Actually cell diversifi-skewS on the coding strand [13, 14, 28], which explains that larger

e e e oo eElheffmps are bserved wien e Sense andor he anisense gencs ar
cation sequence. This might explain that very fesi have been on the leading strand so that re_pllcatlon and transcription biases add
identified so far in multicellular eukaryotes, around 20 in metazo fo each other. The total skew jump amplitulig calculated as the
laentin . yotes, . Melazogyifterence of the skews measured in 20 kbp windows on both sides
and only about 10 in human [24, 25]. Along the line of this epige- f the 6ori, are: MCM4 (31%), HSPA4 (29%), TOP1 (18%), MYC
netic interpretation, one might wonder what can be Ie_arned aboL( 4%), SCA7 (38%), and AR (14%). To measure compositional
eukaryotic DNA replication from DNA sequence analysis. asymmetries that would result from replication only, we have cal-
culated the skews in intergenic regions on both sides abthi@24].

The total skews definitely shifts from negativeS= —6.2+ 0.4%)

to positive §= 111+ 1%) values when crossing trai. This

The existence of replication associated strand asymmetries has besult strongly suggests the existence of mutational pressure asso-
mainly established in bacterial genomes [6-9]. As illustrated in Figciated with replication, leading to the mean compositional biases
ure 2, the GC and TA skews abruptly switch sign (over few kbp)Sra = 4.0+ 0.4% andSsc = 3.0+ 0.5%. Let us note that the value
from negative to positive values at tbe and in the opposite direc- of the skew could vary from oneri to another, possibly reflecting
tion from positive to negative values at tteg. This step-like profile  different initiation efficiencies. From the calculation of the intron

is characteristic of the replicon model [16]. Bacillus subtilisas  skew values_on the leadin§i{a = 7.5+ 0.3%, Sgc = 6.8+ 0.4%)

in most bacteria, the leading (resp. lagging) strand (Fig. 2(a)) i&nd lagging $ra = —1.94+1.0%, Ssc = —0.3+ 1.4%) strands, one
generally richer (resp. poorer) in G than in C (Fig. 2(b)), and to acan estimate the mean skew associated with transcription by sub-
lesser extent in T than in A (data not shown). When looking at theracting intergenic skews frofeaqVvalues givingSra = 3.6+ 0.7%

gene organization arourati, one observes in Figure 2(b) that most and Ssc = 3.84+0.9%. These estimations are remarkably consis-
of the sense (resp. antisense) genes that have the same orientatient with those obtained with our large set of human introns in Sec-

%s the Watson (resp. Crick) strand are preferentially located on the
right (resp. left) of theori. This suggests that the replication forks

3.1 Replication-associated strand asymmetries in prokaryotic
genomes: the replicon model
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Figure 3: S profiles along (repeat-masked) mammalian genome
fragments [24]. (a) Fragment of human chromosome 20 includin%. 4 Sk fil faf t of H h
the TOP1ori (red vertical line). (b and c) Human chromosome 4 19uré 4: (&) Skew profiles 01 a fragment of Human chromo-
and chromosome 9 fragments, respectively, with low GC conter$ome 12. (b) WT ofS using g'¥; Wy [§](n,a) is coded from
(36%). (d) Human chromosome 22 fragment with larger GC conblack (min) to red (max); three cuts of the WT at constant scale
tent (48%). In (a) and (b), vertical lines correspond to selected pua = a* = 200 kbp, 70 kbp and 20 kbp are superimposed together
tative ori (see Section 4.1). Black, intergenic regions; red, sensith five maxima lines identified as pointing to upward jumps in
genes; blue, antisense genes. (e) Fragment of mouse chromosomiéé skew profile. (c) WT skeleton defined by the maxima lines in
homologous to the human fragment shown in (c). (f) Fragment oblue (resp. red) when corresponding to positive (resp. negative)
dog chromosome 5 syntenic to the human fragment shown in (c)alues of the WT. At the scak = 200 kbp, one thus identify 7 up-
In (e) and (f), genes are not represented. ward (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 putativari; the associated maxima lines point to

tion 2, further supporting the existence of replication-coupled stranct1he 5 major upward jumps in tr@profile in the limita — 0™
asymmetries. Overall, these results indicate that the mean replica-

tion bias on the leading strand and the mean transcriptional bias

on the coding strand are of the same order of magnitude, namelyr most other cases, one observes the superimposition of this repli-

S=Sa +Ssc ~ 7% [24, 25]. cation profile and of the step-like profiles of sense and antisense
genes, appearing as upward and downward blocks standing out from
3.3 Factory-roof skew profiles in the human genome the replication pattern (Fig. 3(c)). Importantly, as illustrated in Fig-

. - . . ures 3(e) and 3(f), the factory-roof pattern is not specific to human
As illustrated in Figure 3(a), for TORdri, when examining the be- - gequences but is also observed in numerous regions of the mouse
havior of the skews at larger distances fromdhig one does notob- 54 dog genomes [24], which strongly suggests that replication-

serve a step-like pattern with upward and downward jumps afrthe  gssociated strand asymmetry is conserved in mammalian genomes.
andter positions respectively as expected for the bacterial replicon

model (Fig. 2(b)). Surprisingly, on both sides of the upward jump,
the noisy S profile decreases steadily in the 5’ to 3 direction without4. FROM THE DETECTION OF PUTATIVE ORI TO THE

clear evidence of pronounced downward jumps. As shown in Fig- MODELING OF REPLICATION IN HUMAN

ures 3(b—d), sharp upward jumps of amplitdd®> 15%, similar to .

the ones observed for the knowri (Fig. 3(a)), seem to existalso at 4-1 A wavelet-based method to detect putativeri

many other locations along the human chromosomes. But the mo ; : : ; ~
striking feature is the fact that in between two neighboring major%’e have shown in Section 3 that experimentally determined hu

. ; : manori coincide with large-amplitude upward transitions in noisy
upward jumps, not only the noisy S profile does not present anyya\y hrofiles, The correspondingranges between 14% and 38%
comparable downward sharp transition, but it displays a remarkab y

g ) ing to possible different replication initiation efficiencies and/or
decreasing linear behavior. At chromosome scale, one thus ge glop P

. . W N erent contributions of transcriptional biases. To preditf one
jagged S profiles that have the aspect of “factory roofs” [24, 25y, s heeds a methodology to detect discontinuities in noisy signals.
TheseS profiles look somehow disordered because of the extreme o

variability in the distance between two successive upward jumps originally introduced In Refs. [29, 30], the continuous wavelet
from spacing~ 50— 100 kbp - 100— 200 Kbp for the native se- ransform (WT) is a mathematical microscope that is well adapted

for singularity tracking. The WT is a space-scale analysis which
consists in expanding signals in terms of wavelets that are con-
agreement with recent experimental studies [15] that have ShOWLy\ e from a single function, the analyzing wavafeby means
that mammalian replicons are heterogeneous in size with an avef jjjations and translations. When using the successive derivatives
age size~ 500 kbp. But what is important to notice is that some of

. . of the Gaussian function as analyzing wavelets, namel
these segments between two successive upward jumps of the skew yzing y

are entirely intergenic (Figs. 3(a,c)), clearly illustrating the particu-
lar profile of a strand bias resulting solely from replication [24, 25]. g™ (x) = (=1)NdNg© (x) /dxV, 2
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Figure 5: Statistical analysis of the sharp jumps detected irBthe
profiles of the 22 human autosomal chromosomes by the WT micrd=igure 6: Mean skew profile of intergenic regions around putative
scope at scala® = 200 kbp for repeat-masked sequences [24, 25]ori [24, 25]. Swas calculated in 1 kbp windows (Watson strand)
|AS = |S(3') — S(5')|, where the averages were computed over thearound the position (without repeats) of the 1012 detected upward
two 20 kbp windows on both sides of the detected jump locationjumps; 5" and 3’ transcript extremities were extended by 0.5 and 2
(a) HistogramsN(|AS)) of |AS values. (b)N(|AS > AS*) vsAS'.  kbp, respectivelyd), or by 10 kbp at both ends:X. The abscissa
In (a) and (b), the black (resp. red) line corresponds to downfepresents the distance to the correspondimghe ordinate repre-
wardAS < 0 (resp. upward\S > 0) jumps. R= 3 corresponds to  sentsS(in percent) calculated for the windows situated in intergenic
the ratio of upward over downward jumps presenting an amplitudéegions.
|AS| > 12.5%. This ratio increases & = 4.76 when considering
only the jumps in regions with G+&42%.
N(]AS > AS") versusAS* in Figure 5(b), one can see that the num-

) ber of large amplitude upward jumps overexceeds the number of

whereg(©® (x)= (27:)‘1/2e‘X /2, then the WT of a signaitakes the  large amplitude downward jumps. These results [24, 25] confirm

following simple expression: that most of the sharp upward transitions in gprofiles in Fig-
. ures 3 and 4(a) have no sharp downward transition counterpart. In
1+ y—X a final step, we have decided to retain as putaiiveipward jumps
- = (N) P p p jump
Wy [si(x,a) = a/_m s()g ( a ) dy, with |AS > 12.5% detected in region with G+C42%. This selec-
gN tion leads to a set of 1012 candidates, some of those putatiaee
= dTNWQ(O) [9(x,a), (3) illustrated in Figures 3(a) and 3(b).

wherex anda(> 0) are the space and scale parameters. The basif':'2 Gene organization around the 1012 putative humaori

principle of the detection of jumps in the skew profiles with the WT The mean amplitude of the upward jumps associated with the 1012
is illustrated in Figure 4. From Eq. (3), when usigd’ (x) as ana- putativeori is 18%, consistent with the range of values observed for

lyzing wavelet, it is obvious that at a fixed scalea large value of the 6 experimentally knowori in Section 3.2, that all have been

the modulus of the WT coefficient corresponds to a strong derivaldentified by our detection methodology. When investigating the

tive of the smoothed skew profile. In particular, jumps manifest aJ€Nne content around these putaibre[24, 25], one fin%s thatin a
local maxima of the WT modulus as illustrated for three different/0S€ vincinity (=20 kbp), most DNA sequences (55% of the an-
scales in Figure 4(b). The main issue when dealing with noisy sigalyzmg windows) are transcribed in the same direction as the pro-

nals like the skew profile in Figure 4(a), is to distinguish the local9ression of the replication fork (namely sense genes on the 3'- side

WT modulus maxima (WTMM) associated to the jumps from those0f theori and antisense genes on the 5'- side). By contrast, only 7%

induced by the noise. In this respect, the freedom in the choice If the sequences are transcribed in the opposite direction (38% are
the smoothing scala is fundamental since, whereas the noise am-Ntergenic). These results show that {A&f amplitude at putative
plitude is reduced when increasing the smoothing scale, an isolat&ji Mostly results from superimposition of biases associated with (i)
jump contributes equally at all scales. repllcatl_on and _(||) transcription of the genes prOX|maI todJInlt_e _

As shown in Figure 4(c), our methodology [24] consists in com- !N Figure 6 is shown the mean skew profile calculated in inter-
puting the WT skeleton [29, 30] defined by the set of maxima line€nic windows on both sides of the 1012 putative[24, 25]. This
obtained by connecting the WTMM across scales. Then we seleff€an skew profile presents a rather sharp transition from negative
a scalea” = 200kbpwhich is smaller than the typical replicon size t© POSitive values when crossing the position. On both sides
and larger than the typical gene size. In this way, we not only reduc@f the jump, we observe a linear decrease of the bias with some
the effect of the noise but we also reduce the contribution of the upiattening of the profile close to the transition point that might be
ward (5’ extremity) and backward (3' extremity) jumps associateddU€ t0 (i) the potential presence of signals implicated in replication
to the step-like skew pattern induced by transcription (Fig. 1). Thdnitiation, ii) the possible existence of dispersen [31], (iii) the
maxima lines that exist at that scaié are likely to point to jump ~numerical uncertainty on the putativéi position estimate. Asillus-
positions at small scale (Fig. 4(c)). The detected jump locations aratéd in Figure 6, when extrapolating the linear behavior obsegved
estimated as the positions at scale 20 kbp of the so-selected magt distances> 100 kbp from the jump, one gets a skew of 5.3%,
ima lines. According to Eq. (3), upward (resp. downward) jumps'-&- a value consistent with the skew measured in intergenic regions
are indentified by the maxima lines corresponding to positive (resg2"und the 6 experimentally knovami namely 70+ 0.5%.
negative) values of the WT as illustrated in Figure 4(c) by the blue
(resp. red) maxima lines. When applying this methodology to the™
total skewS along the repeat-masked DNA sequences of the 2Following the observation of jagged skew profiles similar to fac-
human autosomal chromosomes, 2415 upward jumps are detectemty roofs in Section 3.3, and the quantitative confirmation of the
and, as expected, a similar number (namely 2686) of downwardxistence of such (piecewise linear) profiles in the neighborhood
jumps. In Figure 5(a) are reported the histograms of the amplitudef 1012 putative origins in Figure 6, we have proposed [24, 25], a
|AS| of the so-identified upwardAS > 0) and downward4S < 0) rather crude model for replication in the human genome that relies
jumps respectively. These histograms do not superimpose, the foon the hypothesis that thari are quite well positioned while the
mer being significantly shifted to larggkS values. When plotting ter are randomly distributed. As illustrated in Figure 7, replication

3 A model of replication in mammalian genomes
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Figure 7: Model of replication termination[24, 25]. Schematic rep-
resentation of the skew profiles associated with three bidirectional
ori O1, Oz, andO3 with similar re.plication effic;igncy. Upward (or
downward) steps correspond doi (or ter) positions. For conve- Figyre 8: Spontaneous emergence of rosette-like folding of the

nience, theer sites are symmetric relative ©@,. (Left) Three dif-  chromatin fiber in the crowded environment of the cell nucleus.
ferentter positionsT;, T;, andTy, leading to elementary skew pro-

files S, Sj, andS,. (Center) Superposition of these three profiles.

(Right) Superposition of a large number of elementary profiles lead- ) . .
ing to the final factory-roof pattern. 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 entropic gain of the
T . . hard sphere fluid. The free energy cost is dominated by elastic en-
termination is likely to rely on the existence of numerdessites ergy for small loops and by entropy for large ones. This results in

diStI’ibl,;_ted aflonﬁ; thel sequ;encza. For em:hsite (used itn; s_rt?]all 2 preferential length of 8, in the worm-like-chain (WLC) model
proportion of cell cycles), strand asymmetries associated with repli3 41 " 5nce 4 loop is formed, contact will be maintained by deple-

cation will generate a step-like skew profile with a downward jumpy;e o ces: hence the loop will preferentially relax through local
at the position of termination and upward jumps at the positions ojiging of the two contact points. This is where local defects come
the adjacenbri (as in bacteria, Fig. 2(b)). Addition of those pro- into play: when they meet from this gliding process, they act as

hmlnatlon factorc?t ?.nby Ft).os'i'gn t_)tetwger_l succesewe_leadw;lg to ia them to align in opposite directions, forming the first turn of an he-
omogeneous distribution &r SItes auring SUCCEsSIVE Cell CYCIES. i, o toroidal condensate [35]; alternatively it could align them in
The final skew profile is then a linear segment decreasing betwee[He same direction, favoring the formation of hairpins. The pres-

successiveri (Fig. 7, right panel). ence of defects, by favoring a specific contact geombtaaksthe
symmetries (translational, axial) essential to the formation of these
5. CONCLUSIONS AND PERSPECTIVES compact structures, drastically modifying the phase diagram. The
In conclusion, we have revealed [24, 25] a factory roof skew profilecondensation rather occurs via the aggregation of defects, induc-
as an alternative in mammalian genomes to the replicon step-likég rosette-like patterns as illustrated in Figure 8. This clustering is
profile observed in bacteria (Fig. 2). This pattern is displayed by dikely to favor the recruiting of protein complexes involved in the ac-
set of 1012 upward transitions, each flanked on each side by DNAvation of replication and transcription that wlll further stabilize the
segments of- 300 kbp (without repeats), which can be roughly es-muli-looped patterns [36]. Let us emphasize that the spontaneous
timated to correspond to 20-30% of the human genome. In thesemergence of rosette patterns provides a very attractive description
regions, which are characterized by low and medium G+C conterff the so-called replication foci [15, 37, 38] that have been observed
(G+C< 42%), skew profiles reveal a portrait of germ-line replica- in interphase mammellan nuclel as spable structural domains of au-
tion consisting of putativeri separated by rather long DNA seg- tonomous replication that persist during all cell cycle stages. Fur-
ments ¢ 1— 3 Mbp on the native sequences). Although such seglhern_]ore,_the remarkable gene organization discovered around the
ments are much larger than expected from the classical view{45] ( putativeori [24, 25, 39], strongly suggests that these rosettes con-
100 kbp to 500 kbp on the native sequences), they are not incompdtibute to the compartmentalization of the genome into autonomous
ible with estimations showing that replicon size can reach up to 1 ofomains of gene transcription. Via the self-organizing structural
2 Mbp [15, 32], and that replicating units in meiotic chromosomesfole of theori, the DNA sequence might therefore code, to some ex-
are much longer than those engaged in sommatic cells [33]. Finallyent, for the tertiary chromatin structure [40]. Even though one ex-
it is not unlikely that in G+C-rich (gene-rich) regions (Fig. 3(d}) pects to observe, from.one pell cycle to the next, fluctuatmns in the
would be closer to each other than in other regions, further explainaumber of loops contained in each rosette, the perennity of defects
ing the greater difficulty in detectingri in these regions. Indeed, IS Iikel_y to ensure the_inheritance _of the int_erphagse chromqtin rosette
the wavelet-based methodology described in Section 4.1 remai$ganization. Since introns and intergenic regions constitute more
efficient as long as there exists a clear separation between the chétan 95% of the human genome, our study therefore contributes
acteristic size of a replicon and the characteristic size of a gend® giving a role to the noncoding regions in eukaryotic genomes.
while this separation is unquestionable at low and medium G+Q hese regions are likely to play a driving role in the condensation
content, this is no longer obvious in high GC regions. and decondensation processes of the chromatin architecture as well
Because most of the 1012 putative are found to lie close to  as in many related regulative functions. In situ studies of the distri-
the promotor regions of sense and/or antisense genes [24, 25], theytions and dynamics afri in the cell nucleus, using fluorescence
provide priviledged locations for some intrinsic structural defectstechniques (FISH chromosome painting [41]), are currently under
where chromatin fiber is likely to be more open so that DNA beprogress at the Laboratoire Joliot-Curie.
more easily accessible. In the crowded environment of the cell nu- This work was supported by the Action Coné&ertincitative
cleus, the presence of such sequence dependent decondensed stinformatique, Matematiques, Physique en Biologie Mollaire
tural defects actually predisposes the chromatin fiber to spont€2004 under the project “ReplicOr”, the Agence Nationale de la
neously forms rosette-like structures. Indeed, when considering Becherche under the project “HUGOREP”, the program “Emer-
semi-flexible tube in a dilute environment of hard spheres, the elagence” of the Conseil &jional Ridnes-Alpes and by the Natural
tic nature of the tube prevents the appearance of too high curvatutcience and Engineering Research Council of Canada (NSERC).
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