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Influence of the sequence on elastic properties of long DNA chains
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We revisit the results of single-molecule DNA stretching experiments using a rodlike @Ra@) model
that explicitly includes some intrinsic structural disorder induced by the sequence. The investigation of artifi-
cial and real genomic sequences shows that the wormlike chain model reproduces quite well the data but with
an effective bend stiffnes&.¢s, which underestimates the true elastic bend stiffrigseidependently of the
elastic twist stiffnes<C. Mainly dominated by the amplitude of the structural disorder, this correction seems
rather insensitive to the presence of long-range correlations. This RLC model is shown to remarkably fit the
experimental data fok-DNA when consideringA=70=10 nm (>A.;=50 nm), in good agreement with
previous experimental estimates of the “dynamic” persistent length. From the analysis of large human contigs,
we speculate about the possible dependenca.ef and/or A upon the G+ C) content of the considered
sequence.
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The highly compacted organization of chromaitinvivo  the axis of the DNA double helix in the absence of any
involves DNA coiling up twice around an octamer of core thermal fluctuations and the “dynamic” bend persistence
histone proteins to form the nucleosorf, followed by Ie_ngthA of a DNA double helix in the absence of any intrin-
successive higher-order foldings to reach maximal condens&IC structural disorder:
tion in metaphase chromosomjgd. Since the discovery of 1/Agsi= LA+ 1/A,. (1)
naturally bent DNA, several works have investigated th&I'his equation has received some early theoretical and com-
possibility that the DNA sequence may facilitate the nucleo- q y

) L ; utational confirmatiofll]. Experimentally, from the inves-
some packaging3]. Very recently, the statistical analysis of Egation of natural[lo,'ﬁlﬂ]andp“intrinsical?;/ straight” syn-

DNA chain bending profiles for comple_te genome sequenceﬁ,]etic[l:;] DNA, Eq. (1) has led to values oA ranging from

has revealed that long-range correlations in the 10—-200 bgy up to 210 nm, as compared to the generally accepted
range are thg signature of the nucleosomal structure and thgk e A.¢=50 nm. Recently, under some working hypoth-
over larger distancesx(200 bp) they are likely to play a role ggjs, Nelsor{14] has proved that Eq(l) is correct in the

in the hierarchical packaging of DNP4]. To which extent |imit of weak structural disorder, i.eAqr=A(1—\), for
sequence-dependent DNA mechanical properties do help ¥mall A=A/A,. This correction differs fromAq¢=A(1
regulate the structure and dynamics of chromatin is an issue \/\/2) found by Bensimoret al.[15] in a random version

of fundamental importance. A possible key to understandingf the Kratky-Porod model. Also, according to Nelson the
is that the structural disorder induced by the sequence mawist persistence length would not suffer such a correction:
modify the DNA chain elastic response. Ceti=C.

During the last few years, micromanipulation experiments  Our aim here is to take explicitly into account the intrinsic
on single DNA molecules have enabled the study of theilocal bend and twist fluctuations of the DNA double-helix
elastic response to external stretchfag and twisting[6,7] reflecting sequence information in the RLC model. The con-
forces. These pioneering experiments are very well describei@rmations of an inextensible RLC under applied tension in
by simple elastic models. In the absence of a twisting forcethe z direction at the free end of the chain are controlled by
the wormlike chain(WLC) model[8] with a single elastic the elastic energy functionfl4]:
constant, the bend persistence lengtkss, is sufficient. L [A , A )

From the extension vs force data, most experiments yield KeT fo dS{E(Ql—wl) +5(Qmwy)

similar estimates ofA.s=50 nm in physiological condi-

tions. In the presence of a twisting constraint, the rodlike f

chain (RLC) model[9], which involves an extra parameter, + 5 Qs 00— w3)*— TSz 2
the twist persistence leng®.¢;, reproduces quite well the B

experimental extension vs supercoiling curvés<(0.5 pN)  up to quadratic order terms in the deformations from the
with Cq¢; between 75 nm and 110 nf8]. But, as suggested intrinsic quenched T=0) double-helix configuration
by Trifonov et al. [10], the measurable bend persistence{w,(s),®,(S),0,+ wz(s)}, where §,=2x/3.5 nnmi ! is the
lengthA.¢s does not correspond to the bend rigidkyof the  unstressed double-helix twist and , w,, w5 are the intrin-
double helix. It follows from the joint effect of the “static” sic roll, tilt, and twist anglesgper unit length, respectively. If
bend persistence length, of the random walk defined by one neglects the sequenicev;(s)}=0], then, in the parti-
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FIG. 1. RLC model calculationsA=51.3 nmC=0) for two sets of 20 long-range correlat¢(®)H=0.8] and 20 uncorrelated
[(O)H=0.5] artificial sequences of length=20 000 bp, when using the Ulyanov and Jarfisg (a)—(d) and the Goriret al.[17] (e)—(h)
coding tables(a),(e) Average extension vs force curvé),(f) Ag¢s vs f as obtained when fitting the numerical data by the WLC model
prediction[Eq. (3)]; (c),(g) pdf ofz)l; (d),(h) pdf of Z)Z. In (), (b), (e), and(f), the dashed line corresponds to the WLC model prediction
for A=51.3 nm; the vertical dotted line correspondsf §g,= ks TA/b? (see text

tion function calculation, one can explicitly integrate over DNA stretching experiments for DNA sequences displaying
the twist variable to end up with the WLC model. As a very long-range correlations associated to a Hurst exponent value
accurate(better than 0.01%interpolation of the exact nu- H=0.8, as observed in real genomic sequeriégs These
merical solution of this model, we will use the Bouchiat sequences were artificially bu{li8], with the specific goal

et al. formula[8(c)]: to generate monofractal bending profile§. For compari-
7 [ son, we have reproduced our analysis, but after having ran-
kgT 1 1 (2 (z) X .
f= Al T2 Z+T+E a - (3) domly shuffled the nucleotides to suppress the correlations
_ @ =2 H=0.5). When averaging the relative extens{@yL over
4|1 :
L our two sets of 20 sequences, one gets extension curves that

o ~are remarkably well fitted by the WLC modgtg. (3)] with
where thela;} are parameters. -In the I|m-|t of small str-etchlng an effective bend persistence lengi;<A, found to be
forces {<kgT/A), one recognizes the linear extension rela-q it jnsensitive to the value of the twist persistence le@jth
tion (z)/L=5Af/kgT; in the limit of large §tretch|ng forces (less than 1% variation fo€ e[0,150 nni). Therefore we
(_ICTKBI/’_?_%AC;”EZ r(\e/i:/ﬁvers E_‘e a_sympto'uc beT"@’_'— . will report results forC=0 only. In Figs. 1a)-1(d), we
=1-(ks . )~ en taking into account the Intrinsic g0, the numerical results obtained with the Ulyanov and
structural disordefw;(s)}, the bend and twist variables no James table, when fixind=51.3 nm (the \-DNA persis-
Lﬁgggodggl:ﬁ: Ii;?;;rrllgeaxr;[grglon curagariori depend on tence lengti6]). In Fig. 1(a), the extension curve obtained

. for the correlated sequences is compared to the WLC model

In the present work, we solve numerically the isotropic . B - :
RLC model using the transfer matrix techniques. As dis-Vith A=51.3 nm. As shown in Fig.(b), for a wide range of

cussed by Bouchiat and Mard[9(c)], this model is singular Orces extending almost up ;= kBTA/va where dis-

in the limit of a purely continuous chain, and its discretiza-Cretization effects become significant, this curve is well fitted

tion requires the introduction of a short length scale cutoffty EQ. (3) with A¢(=35+1 nm, i.e., a value significantly

b=7 nm (approximately twice the double-helix pitciHere smaller than the dynamlg bend perS|s§ence lerytiThis

we only consider a stretching constraint, torsional forcing'eads[Eq. (1)] to a “static” bend persistence length,

will be discussed in a forthcoming publication. To account=110 nm Q@ =A/A,=0.47). The probability density func-

for the effects of the sequence, we use several experimentaltions (pdf) of the anglesw;=bw, and w,=bw, are shown

established structural tables that code for the intrinsic locain Figs. Xc) and Xd). In a semilogarithmic representation,

bending and flexibility properties of the DNA double helix. these curves fall on the same centered parabola, which is the

We report the results obtained with the dinucleotide codingsignature of isotropic zero-mean Gaussian statistics. From

tables for the intrinsias; angles elaborated by Ulyanov and value larger than that extracted from our RLC model calcu-

Jameq 16] from nuclear magnetic resonance data and Gorirdations. In Figs. 8 and 1b), we do not see any notable

et al. [17] from crystallographic data. change on the extension curve computed for the set of un-
In Fig. 1 we show the results of our RLC modeling of correlated sequences. This is consistent with the fact that the
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FIG. 2. RLC model calculationsy, C=0) for theN-DNA chain (L =48 502 bp) when using the Ulyanov and Jartt#ack symbolsand
Gorin et al. (white symbol$ tables.(a) Extension vs force curves obtained f&=51.3 nm @,J), 63 nm (©), and 70 nm @) as
compared to the experimental data) [6]. (b) Ac; vs f as obtained from the WLC equatid@B). (c) Aq¢; VS A; the solid lines correspond
to Eq. (1) with A,=190 nm(Ulyanov and Jamesand 295 nm(Gorin et al); the dotted lines correspond to the Nelson perturbative equation
Acii=A(1—1) [14]. In (a)—(c) the dashed line corresponds to the WLC model equdBpmor A=51.3 nm.

pdfs of w; andw, in Figs. 1c) and Xd) superpose on those wherea? is the variance of the pdfs @, andw, which are
computed for the correlated sequences. found indistinguishable. Hence, we ggt=190 nm with the

In Figs. Xe)-1(h), the results obtained with the Gorin Ulyanov and James tablea§=0.0368) andA,=295 nm
et al. table [17] are reported. For the correlated sequencesyith the Gorinet al. table (0(2):0_0237)_ Using an apparent
the extension curvéFig. 1(e)] is still very well fitted with  persistent lengttA.r;=51.3 nm as observed in the experi-
the WLC equation(3) but with A¢=49.120.2 nmsA  ments, the inversion of Eql), leads toA=70+2 nm (Uly-
=51.3. As shown in Figs.(g) and 1h), this small correction  anoy and Jamgsand 63-2 nm (Gorin) for the dynamic
is the consequence of a weaker structural disorder: the pdisend persistence lengfisee also Fig. @)]. These results are
of w; and w, are still Gaussian with zero mean but with a in good agreement with previous experimental estimages (
smaller variance,oﬁz0.00GZ, from which we getA, =70x10 nm) of the “dynamic” persistence length of natu-
=b/o2=1129 nm. Equatior{l) yields A.f=49.1+0.2 nm  ral[10] and intrinsically straighf13] DNA chains. Note that
(A=0.041), a value that matches perfectly the estimate obwe have reproduced our RLC model calculations after hav-
tained from the extension RLC calculatioff&ig. 1(f)]. For  ing randomly shuffled the.-DNA sequence to remove the
the uncorrelated sequences, one gets a more sensitive fleng-range correlationsH=0.8) observed at scales larger
sponse of the DNA chains to the stretching force, sincéghan 200 b4], without noticing any quantitative difference
A.=43.8+0.2 nm is smaller than for the correlated se-from the results reported in Fig. 2.
quences. As shown in Figs(@l—1(h), the pdfs ofw, andw, A very inter.esting issue, which can be tackled with RLC
are still indistinguishable and approximately Gaussian bufModel simulations, is the possible influence of the sequence
with a larger variancer2=0.0219. SoA,=b/c2=320 nm
and Eq.(1) yields Ag=44+=0.5 nm (A=0.16), again in
remarkable agreement with the estimate extracted from the =

(b)

extension vs force curve. When using the Gatral. table, - P X -
the long-range correlations are associated with some weakg * E
ening of the structural disorder induced by the sequence g « =

60 -

which contrasts the results obtained from the Ulyanov and™
James table. @
In Fig. 2(@), we report the experimental extension vs force %
data recorded by Striclet al. [6] for A-DNA chains (
=48502 bp). These data are very well fitted by the WLC A (nm) GC (%)
model [Eq. (3)] when adjusting theeffective _bend persis- FIG. 3. RLC model calculationsA,C=0) for artificial long-
tence Igngth t,meff:51'3 nm. If one uses this value as the range correlated{=0.8) sequences. (=20 000) with an average
dynamlp pgr5|stent lengtA=51.3 nm in Eq.(2), then as ¢ percentage equal to 300(, 4), 50 (O,®), and 70 (1,H)
shown in Figs. 2a) and 2b), when using the Ulyanov and apq for two human DNA sequences wiC percentage equal to
James table, one gets with the RLC model results that ngg (=20 080, white and black hexaggrand 56.3 [ =29 200,
longer fit the experimental data but that are still well repro-white and black pentagonsThe black(white) symbols correspond
duced by the WLC model with an effective bend persistenceo the Ulyanov and JameSorin et al) table. (@) Ag; Vs A, the
length A ¢r=40+1 nm<A=51.3 nm. This sequence disor- solid lines correspond to Eq1) with A,=b/o?. (b) A vs GC
der correction is represented in Fig(cR when using the percentage, wher& is the dynamic persistence length that leads to
Ulyanov and James, and Gomt al. tables. By plottingAqss  Aesss=51.3 nm as observed for-DNA chains (A,A). The con-
vs A, for A ranging from 40 to 80 nm, one gets data that aretinuous curves correspond to the mean valuebtained for sets of
remarkably well fitted by Eq(1) when settingA,= b/a'cz,, ten artificial chains withG C percentage ranging from 30 to 70.

L 1
40 60
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composition on the elastic response of the correspondingould be understood from the Gorat al. table by introduc-
DNA chain. In particular, in possible relation to the isochoreing someG C dependence in the dynamic persistent length
structure of the human genome, it has been clearly shown im the RLC model. Figgr_e @) reveals high_elGC content,
Ref.[19] that the long-range correlation properties of humanlarger A, and greater rigidity to the bending of the corre-
DNA sequences are dependent upon tl@E€ (=G+C) sponding chain, a result that would be quite plausible with
content. In Fig. 3, we report the results of RLC model cal-respect to the actual experimental and numerical knowledge
culations for several artificial DNA sequences and two reafoncerning the mechanical properties of the DNA double
human DNA sequences of differe®C contents. From the helix [20]. On the contrary, some experimental observation

results obtained fok-DNA in Fig. 2, we fix A=70 nm (€  ©f & decrease oR.s; when increasing thé&sC percentage
=0). For both Ulyanov and James, and Goeiral. tables would make the Ulyanov and James table rather inadequate,

we recover the same agreement with the WLC model predicg’InCe it would requireA to be smaller inGC rich DNA

; . ; . chains.
tion [Eqg. (3)] with an effective bend persistence lendthy; . o
<A, which satisfies the Trifonoet al. relationship(1) with To conclude, the numerical resuits reported in this paper

o ; show that the extension vs force RLC model predictions are
Ao=Dblo;. When using the Ulyanov and James table, 0ngp,inly dependent on the amplitudé of the structural dis-
gets a valué\.;=50 nm as observed for-DNA chains and

~ - ! order and seem rather insensitive to the possible presence of
this almost independently of th@ C content. Consistently, |ong-range correlations in the sequence. In that respect, the

the (w1, ,) pdfs do not display any significant change whenRLC model can provide decisive test simulations of the per-
varying theG C content. This is no longer the case when onetinence of experimentally established dinucleotide and tri-
uses the Gorin and James table. Indeegl,now increases nucleotide structural coding tables. Our results should en-
almost linearly with theGC percentage. This enhancing of courage further experiments on the sequence-dependent
the sequence induced structural disorder in@te rich re-  response of DNA chains to external stretching constraints, as
gions of the human genome corresponds to some decreasewéll as motivate molecular dynamics studies of the mechani-
A, and, as shown in Fig.(8), results in some systematic cal properties of DNA at the base-pair lef&0,21. The
(i.e., whatever the value oA) decrease ofA.;; when in-  simultaneous knowledge of the intrinsic local structural dis-
creasing thés C percentage. In that respect, the experimentabrder {wi(s)} and of the local bend stiffness¢(s)
investigation of the human DNA chains looks rather crucial.= A(s)kgT and twist stiffness(s) = C(s)kgT at the scale of
The observation of nG C content dependence 8f¢; would  one or two helical pitches would open the door to parameter
seem to be in favor of the Ulyanov and James table bufree RLC modeling.
would not exclude the Gorirt al. table. In Fig. 3b), we We would like to thank J. F. Allemand, D. Bensimon, V.
show the value oA\ vs theGC percentage required for the Croquette, J. H. Maddocks, and Y. d’Aubenton-Carafa for
RLC model to yieldAq=51.3 nm when using the Gorin valuable discussions. B.A. was financially supported by the
et al. table. European CommunityGrant No. HPMF-CT-2001-01321
The hypothetical but possible observation of some univerThis work was supported by the Action Bioinformatique
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