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Chromatin: A tunable spring at work inside chromosomes
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This paper focuses on mechanical aspects of chromatin biological functioning. Within a basic geometric
modeling of the chromatin assembly, we give a complete set of elastic condtaistsand bend persistence
lengths, stretch modulus and twist-stretch coupling constdrthe so-called 30-nm chromatin fiber, in terms
of DNA elastic properties and geometric properties of the fiber assembly. The computation naturally embeds
the fiber within a current analytical model known as the “extensible wormlike rope,” allowing a straightfor-
ward prediction of the force-extension curves. We show that these elastic constants are strongly sensitive to the
linker length, up to 1 bp, or equivalently to its twist, and might locally reach very low values, yielding a highly
flexible and extensible domain in the fiber. In particular, the twist-stretch coupling constant, reflecting the
chirality of the chromatin fiber, exhibits steep variations, and sign changes when the linker length is varied. We
argue that this tunable elasticity might be a key feature for chromatin function, for instance, in the initiation
and regulation of transcription.
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[. INTRODUCTION lations in which a single chromatin fiber is pulléand pos-
sibly will be twisted [6]. Our theoretical study provides a
Chromatin is an ubiquitous protein-DNA complex ob- framework to interpret the experimental results, in particular,
served in chromosomes of all eukaryotic organisms ando predict force-extension curves in terms of geometric and
strikingly conserved during evolutigd—3]. It ensures DNA  mechanical parameters of the underlying model of fiber. Our
compaction during the mitosis and plays a key, but still un-approach largely extends preliminary results presented quite
clear role in all the biological functions involving genomic recently by Schiessedt al. [7], since it gives the exact ana-
DNA: replication, transcription, and repair. For instance, thelytical value of the complete set of elastic constants of the
chromatin degree of compaction is acknowledged to regufiber. Comparison with the observed curves allows to extract
late, somehow, transcriptionally active regidds. small-scale information, about the microscopic structure,
The general issue taken up in this paper is to understanabout the interactions involved, either about possible confor-
the interplay between the mechanical properties of the fibemational, or structural changes.
and its biological functions. We aim at understanding quan- However, except during anaphase, when sister chromatids
titatively the grounds for existence of the so universal and sare separated by the mitotic spin@, such “macroscopic”
conserved features of the assembly of linkers and nuclecstresses are not encounteriedvivo at the chromatin fiber
somes forming the chromatin fiber. We claim that part of thelevel; micromanipulations of the fiber and associated force
answer lays in the peculiar mechanical properties of this asneasurements may nevertheless unravel physical parameters
sembly. involved in biological mechanisms, such as the elastic con-
The typical length scale of chromatin fibédiameter stants. An issue directly relevant to timevivo functioning of
about 30 nmis large enough to allow a mechanistic view- chromatin is to describe the response of the fiber to local,
point: describing the elastic properties of the chromatin fibeinternal stresses as those created by intercalators, groove-
is nothing but a problem of spring mechanjé§. Neverthe-  binding proteins, or any induced change in the fiber assem-
less, the architecture of this “spring” is much more complexbly or small-scale structure. Our theoretical approach also
than a simple helical coiling and we expect that the detailedjives a framework for such studies. Indeed, to be solved,
structural features of the chromatin assembly still stronglyboth issues require to relate the structure and mechanics at
influence the behavior at the fiber scale. We thus investigatthe DNA scale and those at fiber scale, which is the scope of
the specific elastic behavior associated with the chromatithe present work.
structure and its sensitivity to the structural parameters of the The chromatin scale is precisely the scale of nanomechan-
fiber, singled out within a basic geometric modeling of itsics: at this scale, we expect a strong and direct interplay
assembly. between the biological functioning, monitored by various en-
We underline that fiber elasticity is involved in two, quite zymes, and the mechanical properties of the substrate, here
different, issues. The first one is to describe the linear elastithe chromatin fiber. We thus believe that a mechanistic ap-
response of the fiber to global stresses, i.e. a force and groach is well suited to evidence possible mechanisms for
torque applied at its ends. This issue refers to micromaniputhe fiber decondensation prior to transcription, for the con-
nection between enhancer and promoter DNA regions during
transcription, for the nucleosomal DNA site exposure allow-
*Email address: lesne@Iptl.jussieu.fr ing protein binding at specific sites or for the ejection of
"Email address: victor@Iptl.jussieu.fr nucleosomes presumably required during replicafin
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The core of the study is to describe how the linear elastiper turn. We shall suppose in the following that all the link-
behavior of chromatin fiber originates from the elastic prop-ers have the same numbey, of base pairs, i.e., the same
erties of linker DNA (i.e., naked DNA connecting the nu- lengthl =Nppl 0/ngp. It correspond#n vivoto phased nucleo-
cleosomes In Sec. Il, we introduce a mechanical model of somes observed for instance in satellite chrom§tig]. It
chromatin fiber, quite similar to the so-called two-anglecorrespondsin vitro to reconstituted fibers, involving re-
model[10]; it incorporates microscopic data, such as DNA peated sequences each having a strong positioning effect on
structure and elastic propertigkl,12] as well as nucleosome nucleosome$19,20. In fact, we shall need this hypothesis
cristallographic datd13] into an analytically tractable as- to be satisfied only locally, over a few linkers, so that our
sembly. Its implementation gives the geometric properties omodel also accounts for irregular native chromatin.
the chromatin fiber, presented in Sec. Il with a special men- Since we are looking for generic properties of the chro-
tion to symmetry properties and to the quantities relevant tenatin fiber, originating from its assembly, sequence effects
the mechanics of the fiber. Section 1V is devoted to the elasare ignoredbesides, they might be treated in a second stage,
tic properties of the fiber. The first step of their study is towithin the same modeling, as local strains superimposed to
relate the distribution of stresses along linker DNA to thethe relaxed homogeneous structure that we here comsider
“macroscopic” stressesforce and torqueapplied to the fi-  Without sequence effects, the linker is straight in absence of
ber ends. This allows to compute analytically the elastic conapplied constraints; experimental evidence for straight link-
stants describing the linear response of the fiber from thers in relaxed fibers supports our generic modeJ2dj.
knowledge of naked DNA elastic constants, and to investi- Linker DNA will be considered as an homogeneous cy-
gate quantitatively how they vary with the relaxed fiberlindrical rope of radiusa, that may twist and bend, but not
structure, itself controlled by the “microscopic” structural stretch: due to the large value of the stretch modulyga
parameters, as linker length or equivalently its relaxed ~1200 pN[15,22, stretch energy and strain can be ignored
twist 7%, and entry/exit angleb of linker DNA on the nu-  in linker DNA, at least in the low-stress situations that will
cleosomd 10]. The results substantiate an effective continu-be considered heréorces below 20 pN Linker DNA is
ous description of the 30-nm fiber as an extensible wormlikehus seen as a nonextensible semiflexible polymer and de-
rope (EWLR) extending the classical wormlike chain model scribed within the continuous wormlike rope modeform-

[14] to an extensible and twistable chglitb—17. In Sec. V,  Jike chain model supplemented with twist enefdy?]); the
numerical results are presented and their physical meaninglastic energy densitiggnergies per unit lengthhus write
and implications are discussed. We then enlight our analyti-

cal results by comparing them with experimental results ob- ksTC :

tained by Cui and Bustamanfé] by pulling a single chro- Cwist™ "5 (0=w? C=75 nm (twis)

matin fiber. Section VI presents the biological relevance of

our study. In particular, we exploit our complete and quan- ke TA

titative analysis to discuss how the elastic properties of the ebend=Tp2DNA, A=53 nm (bend. €N

chromatin fiber might, at the same time, favor DNA compac-
tion into the chromosomes and allow local decondensation of ]
chromatin involved in gene expression. whereT is the temperaturesg the Boltzmann constanppya
the local curvature of the constrained linker andhe twist
rate. The relaxed twist rate’=2/1° is supposed to be
Il. ASSEMBLY OF A MODEL CHROMATIN FIBER homogeneous, which again amounts to ignoring sequence

Chromatin is composed of a double-stranded DNA mol-effects. The constantsandC are, respectively, the bend and

ecule wrapped from place to place around histone d@ks tWaIlSCtl (Fc))?r;InSteor;ﬁgrIgggﬂmtg\fagntljsgﬁzyshle{elag“\/ﬁg efgretmcﬂ
We here focus on the fixed-nucleosome case, correspondi y T P

to deacetylated histone tail8]. This allows to model sepa- be a_Imost independent of the ionic strength, _since twist
rately the nucleosomes and the linkers, i.e., the naked-DN,&O”Stramts are not strongly affected by electrostatics. In con-

segments connecting the successive nucleosomes. Our moq[%St’ the electrostatic contribution fois important[24,23.

amounts to build step by step, i.e., nucleosome after nucleo- N nonelect_rost_ati_c contribution pro_vides. a lower bpﬂnd
some, a chromatin fiber. It incorporates aknowledged data on 23 nm, Wh!Ch Is in fact an overestimate; the experimental
DNA structure, its bend and twist persistence lengths, and o wer bound is ra';heA.>4O nm{26]. :
the nucleosome structure. Each step of the assembly is de- We cho_ose a d_lreqtlon along the DNA path corresponding
scribed analytically, but we implemented this model within alo Increasing |nd|ce9,: We denotg3e[0,l] th? e}rqlength
MAPLE program in order to handle an arbitrary number ofalong the dsDNA axis. Geometrically, the linkgris de-

nucleosomes and to perform a quantitative analysis of th&cribed as represented in Fig. 1 by the local ax(s) of the

super-helix(SH) geometric properties. double helix and a vectd?j(s), locally tangent to the minor
groove and rotating arounaj(s) with an angular ratew.
A. Linker modeling fj(s) accounts for the torsional state of the linker: the angle

Linker DNA is in the usualB-DNA form: it is a right- of the rotation transformind(0) into t(l) is precisely the

handed double helix, of radis~1 nm and pitch equal to twist 7=l of the linker. The vectorsi;(s) and t i(s) are
1°=3.4 nm, which corresponds tt£p= 10.6 base pairgop) normalized to 1 and make a constant anglgs)- t;(s)
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FIG. 2. Nucleosome modeling and assembly of the chromatin
fiber (Sec. 11 B). Left abovewview in perspective of the nucleosome
j;  a is the slope of the DNA left-handed wrapping around the

histone core ¢~4.47°). The dyad axiﬁj is orthogonal to the
nucleosome axiﬁj . Left below:view from above(projection on a
plane orthogonal to the nucleosome axsght: vectorslﬁj, Jj,
and fj(l) in the plane tangent to the nucleosomeEat

FIG. 1. Geometric description of linker DN&ec. Il A). Above: L . .
the arrows indicate the orientation of the two strands, delimiting the The technicalities about the assembly and its geometric

minor groave(filled in gray) and the major groove. The vecﬁ(s) description are presented in Fig. 2. The linkeenters the

is tangent to the minor groove and rotates around the local axi ucleosomg at a_m entry p0|.nEj well localized on the his-
- : . . . o one core. The linker DNA is grafted to the nucleosome by
uj(s) (straight in a relaxed linkgrwith an angular ratew

~2a/1% the two vectors make a constant angle S0y |Es minor groove 13]; this implies that the plane spanned by

~62 °. Below transverse view; the bold contour locates the minorYj @ndt;(l) prescribes the position and the orientation of the
groove. nucleosome, given its radius,,;;=5.5 nm, its heightH

=5.7 nm and the anglee=4.47 ° between the linker and
the nucleosome axibl;(u;-N=sina). As shown in Fig. 2

. L . (right), uj, t;(1), andN; belong to the same plane, which is
728 ' Th? \{ectopj(s) IS mdepen_dent of;.m the relgxeq nothing but the tangent plane to the nucleosonig; atSimi-
fiber (a variation withs would describe the linker bending in larly, the plane tangent to the nucleosojra the exit point
constrained stajewhereast;(s) rotates aroundi; with the s, where linkerj+1 leaves the nucleosome is spanned by

relaxed twist rateo®. Uj+; andtj.1(0), which thoroughly determines this outgo-
ing linker. The relative positioning of the linkers is conve-
niently described by the angfe (®>0 by conventioihbe-
tween their projections on a plane perpendicular to the

Nucleosome structure is now well known, thanks to highy,,cjeosome axidl;. The structural effect of nucleosonje
resolution crystallography dafd3]. Histone tails lock DNA amounts to a translation in space from the entry peinto

on the histone core, so that nucleosomes are fixed on 'gr}ﬁe exit pointSJ- and a rotation of an anglem® around
DNA and the net effect of the nucleosome on the DNA trail - . Ea- .
the nucleosome axisN;, transforming (u;,t;(1)) into

can be described as a rigid kink connecting the linkeasd R -
j+1. In consequence, twisting the linkeof a given angle  (Uj+1.tj+1(0)). As long as we consider an homogeneous
reflects in a rotation of the same angle of the linkerl  fiber, @ is independent of. The line passing through the
around the linkej. The rotational positioning of nucleosome nucleosome centés; and directed along the bisseciﬁ[ of

j +1 with respect to nucleosonjés thus entirely prescribed this angle® is the so-called dyad axis of the nucleosome
by the twist angler=lw. In the relaxed state, it is equiva- Experimental evidence that the entry-exit angbe varies
lently prescribed by the linker length (0=w® 7°  with salt concentratiorit contracts when salt concentration
=lw?). increasep[19,21,27,28 motivates us to study various values

=sin(apna) iNdependent of ands. The slope of the strands
in the double helix writes tam{yya) =1°/27a, henceapya

B. Nucleosome modeling and assembly of the chromatin fiber
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of ®. We here ignore interactions between nucleosomesangle® determines the relative positioning of two succes-
This is valid in low-salt conditions, in which the chromatin is sive linkers.

expected to be extended, with internucleosomal distances

larger than the interaction range. In high-salt conditions, our Ill. THE CHROMATIN SUPERHELIX

model aims at describing the “geometric” contribution to The reqularity of the microscopic assemblv enforces a
chromatin elastic behavior, i.e., the contribution originatinghelical org?aniza%;on' we shall spea?( of the SH yWe now de-
from the DNA elastic properties and relayed by the chroma- ' .

o . . . .. scribe the main geometric properties of this helical coiling
tin flber.archltecture. A comparison yv|th ob;erved elast|C|tyresulting from the regular assembly of linkers and nucleo-
would give access to the neglected interactions.

somes. As shown in Fig. 3, our qualitative structural predic-
. _ . tions recover standard structures proposed yet lond 3&jo
C. Linker histones and chromatosome modeling In particular, we note that the various structures obtained

In vivo andin vitro experiments show that the condensedWhen varying7° (or equivalentlyn,) and & cover both

conformations of the chromatin fiber are obtained for a mordibbon structures(less than 3 nucleosomes per furand
complex assembly of DNA and histones: an additional his£"0SS-linked structuregnore than 3 nucleosomes per turn
tone H1 (or a close chemical variant H5, for instance in We avoid to speak of “solenoid” structure as this term refers

chicken erythrocytess bound to linker DNA near its entry- to a_model W't.h bent I|nker$34], _vvhereas our ”.‘Ode"”g
exit site on the nucleosonj@1,29. Presumably, the role of considers that linkers are straight in the relaxed fiber.
this “linker histone” is both to secure the wrapping of DNA _

around the nucleosome and to stabilize the DNA helical coil- A. Symmetry properties of the SH

ing forming the 30-nm fibef30,31]. Digestion experiments v first underline the symmetry properties of the SH, of

evidenced that the “core particle” now involves 166—-168 bp mych importance since they will reflect in the elastic prop-

of DNA (among which the 146 bp wrapped around the histies of the fiber in the linear regime. The SH exhibits a

tone octamer this new, larger, entity is called a chromato- giscrete helical invariance: all the linkeirespectively all the

some. The position of linker histone with respect to “nkernucleosomesare equivalent, up to a rotation of angte

ggﬁ‘ngr;? ar;:C:EﬁS;erBZ;[ GE‘;g Vé/]eln Itaﬁs E)hneiyv;/éigglnr}gegftr% TA around the axi#\ of the SH and a translation along this axis,
. o bringing the linkerj onto the linkerj+ 1 (respectively the

166-168 bp are protected and that the arigtii denotedd) : .
o L . nucleosomg onto the nucleosomg¢+1). All nucleosome
between ingoing and outgoing linker DNA is lowered, vary-

ing with ionic strength. Our model easily accomodates theenters lay on a cylinder of axis and radiusk, whereas all
presence of linker histones along the fiber since only thdhe entry and exit points lay on a cylinder of radiugsee
resulting kink of DNA path is to be described. We may Fi9- 4.

roughly account for the presence of linker histone by modi- AS the two strands of dsDNA are oriented in opposite
fying @ = 130 ° (without linker histonginto ®=90° at low directions (see Fig. 1, there is no privileged orientation

salt down tod =45 ° in high sal{28,31: the nucleosome is along linker DNA and only the nucleosome_ geometry can
then replaced, within the same two-angle modeling, by afPre@k the symmetry upon reversal of the fiber. Hence the
effective cylindrical chromatosome, with possibly different fiber is not oriented provided the entry and exit points in a
values forr e, H, ande. For instance ,,o=0 and a lower nucleosome _have the same characte_rlsncs: itis thg case in
value of H would reproduce the crossing of ingoing and gbsence of Imker hlsfcone, or when linker histone IS posi-
outgoing linkers in the neighborhood of the linker histone.tioned symetrically with respect t&; and S;. The fiber
Also, the effective length of the linkers is to be reduced byProperties are then unchanged under the transformation
20-22 bp.

We might thus study within the same geometrical model-
ing all the different instances encountered for the nucleo- R R
some: basic nucleosome or nucleosome dressed with H1, Sj—~Ent1-j, Ae—A,
with or without chemical modification of H1 tails. The spe-
cific biological details(H1 positioning, possible acetylation
of histone tailg32]) would be taken into account first i,
whose value is experimentally accessible, then in a secon‘gler(_:.j -0
step by a precise fit of the parametefs.,, H, and« of the !
effective cylindrical “core particle,” so as to reproduce ac-

curately the kink mduced_ in the linker DNA_broke_n line. all tangent to the cylinder containing the nucleosome centers,
Nevertheless, a systematic study led us to think thas a = , i
and that the linéD; relating the nucleosome centés to its

far more important control parameter thaeg,.;, H, and «, h | g he SH axis | hina but th
which will be henceforth considered as fixed characteristics2thogonal projection onto the axis is nothing but the
ad axis of the nucleosonje(see Fig. 5, left This dyad

To summarize, the parameters of the model, to be variegy. et . .
in our study, are the two angles® (or equivalently| axis is invariant under the above reversal transformation.

=790° or Npp) and®. The angler® determines the relative Wherlr0 is Yaried, the linker directiom],— sweeps a cone of
positioning of two successive nucleosomes, whereas thaxisD; (or D;_,, due to the symmetry upon reversal of the

J<—>N+1_], NJH—N[\H,I,J',

U —Unsg—j,  Pj(S)=Pyir—j(1—5). (2
....N+1 whereN is the number of nucleosomes

in the fiber beginning irnS, with linker 1 and ending with
linker N+ 1, atEy . 4 It follows that the nucleosome axes are
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90°, 37 bp

FIG. 3. (a) Various SH struc-
tures obtained when the parameter
I (equivalentlyn,) is varied, for
&® =090 "°. Note the columnar pack-
ing (8~0) obtained forn,, be-
tween 42 bp and 43 bp, and the
ribbonlike structure(two nucleo-
somes per turng= ) obtained

0 o for np,,=47 bp, whatever the
3y 43 Bp 0%y 44 bp value tg)fCIJ. In between, the fiber
exhibits cross-linked configura-
tions. In each period of length
10.6 bp, an intervaldepending on
®) of n,, values is forbidden as it
corresponds to self-overlapping
configurations (here aroundny,
=38 bp). (b) Various SH struc-
tures obtained when the parameter
I (equivalentlyny,,) is varied, for
$=50°. Configurations around
npp=45 bp are forbidder(steric
hindrance.

90°, 43 bp
(@

50°, 37 bp

50°, 43 bp
(b)

SH) and angle¢, depending ond (see Fig. 5, right This  This orientation is thoroughly described by the angle
]glfoolflefty SimeIJW_feﬂr:?CtS thhel ff(ith that thg geomehtry of ::hee[o,zﬂ[ between its axid; and the SH axig., in the frame
iber assembly is thoroughly determined once the nucleo;z 3 Z AR : o 3R

some is positioned with respect to the SH axis, due to théA’D’A/\D)' This angle satisfies cg=N;-A

symmetry properties and to the fact that the junction between

the nucleosome and the ingoing and outgoing linkers is a B. SH geometric characteristics

rigid kink. Indeed, by symmetry, the nucleosome dyad axis

D; is orthogonal to the SH axi& and points towards it; the anglesd, B, z, 7, andg) are shown in Figs. 4, 5, and 6. Al

remaining “d?géree_z of freedom” is the orlentazlon of the nu- 4 ~ca quantities are independentjpfiue to the(discrete
cleosome axisN; in the plane orthogonal t®;; whenl rotational invariance of the SH. When linker lengths are all
varies, N; rotates together withy; and uj+1 aroundD;. increased by the DNA pitct, the twist angle of each linker

The relevant quantities to be computéengthsD andr,
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-
A (SH axis)

2 ";mcleos_o.me
axis Ny~
1 (B=56°)

FIG. 4. Left SH from aboveprojection in a plane orthogonal to
the SH axisA, here forB=90°. We defineR as the distance from
any nﬁucleosome centd; to the SH axigmeasured along the dyad the SH axisA and the linker axis]j . The SH axis is actually ahead
axis Dﬁv r as the distance of any ent(gr exit) point to the SH 5 the linker, which lays in the figure plang; _;, G;_;, S;, and
axis A; the “excluded-volume™ radiusRsy, of the SH, i.e., the G; are projections on the figure plane. Only the track of the nucleo-
radius of the cylinder of axié containing the whole fibefinclud- somes is indicated: neither their axes nor their dyad axes belong to
ing the nucleosomegssatisfiesRgy=R+Tr,,¢ due to the peculiar the drawing planeD is the distance between two successive nu-
orientation of the nucleosométhe axeslflj are tangent to the cyl- cleosomes along the SH axls whose orientation is chosen so that
inder of axisA and radiusR whateverg). We also introduce the D>0. We denote the angle between the linker and the SH axis; it
angle 6 of the rotation around the SH axi&, transforming the Satisfiesu;- A=cosz and by conventioze[0,7[ hence sirz>0.
projection of a nucleosome into the following one, and the angle
between the projections of the vectors relatig, andE; to the
SH axis. This anglen is chosen in[0,2#[. It satisfies| sinz
=2r sin(»/2). Right: projection of the first nucleosome in the plane
orthogonal to its axisfll. Note that the nucleosome dyad axis is
orthogonal both to the nucleosome aximucleosome symmetry
and to the SH axigsymmetry of the assembly

FIG. 6. Front view of the SH projected in a plane spanned by

since the contribution of the nucleosomes to the actual size
of the SH is the same fdrandl +1°; the precise value of this
factor, moreover, depends on the structure of thgi8idleo-
some orientation, for instance

We here underline two points. First, the orientation of the
SH axis is chosen so that the distarigebetween two suc-

increases by 2, hence the relative orientations of successivecessive nucleosomes along the SH aiis positive:D >0
linkers, or successive nucleosomes, are unchanged. It foli.e., D=A-[G;G;.,]>0 by definition ofA). Also, since
lows that the SH shape is preserved: the an@eg, », or §)  the structure is discrete, the angte of the rotation R,

are uOnchanged, Wheregs the Ien%tis scaled by a factor around the SH axis\, transforming the projection of a nu-
(2+1°11) (when comparing andl +17); the lengthRs and o .
D are also scaled, but the involved scaling factor is smallerS!€0S0me onto the plane orthogonalAanto the following

one is not uniquely definedly>0 andf,—27<0 are both

possible(think to the array of grains in a corn ear or to the
cells on a pineapple peelBy convention, we choose the
value of smallest modulus, hence tvary in |—m,#]; it
corresponds to théprojected angle swept by the geodesic
(the array of grains of largest sIo)p@Iatinng to G, onto
the cylinder of axisA and radiusR.
The pitchP of the SH is given byP=27D/| §|. Note that
the choice of the value of smallest modulus fois essential
to get the actual value of the pitch through this formula. The
FIG. 5. Left: Location of the nucleosome axl‘ij in the frame ~ degree of compaction can be measured as the number of
spanned by the SH axi& and the nucleosomedyad axisD; ; it n_ucleo_somes per 10 nm of fiber, equal tollQthenD is
lays in the plane orthogonal 115]- and makes an angl@e[0,2m] given in nanometers.
with respect toA. This angle, varying with® and |, satisfies
cosB=N;-A. Right: Location of the linkeru; in the frame spanned

by the SH axisA and the nucleosome dyad axﬁ%; the linker Excluded voluméof nucleosomes but also linkersas to
makes a constant angéewith the dyad axis. be taken into account to discard unrealistic structures. In

C. Excluded-volume effects
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03 a5 40 45 50 03 35 40 45 50
linker length (bp) linker length (bp)
FIG. 7. Unwrapping of the cylinder of radiu® (containing the
nucleosome centersThe construction only requires one to know
the values of3, 6, D, and the nucleosome dimensiang. andH.

FIG. 8. Fiber actual diameterRyy [dashed upper line, curve
(2)] and pitchP [solid line, curve(2)] in nanometers, versus linker
This drawing can be conveniently used to check the excluded!®"9th(in bp), for ®=90° (lef) and ®=50° (right). Since what

. . _ 0 .
volume constraint between any two nucleosomes. Linkers, crossingatters is the twist angle=2mn,,/ny;, the numbemn,,, of bp is

the plane of the drawing, are not represented, nor the entry and ex@!0Wed to vary continuously. The thin lin@) represents the dis-
point (located outside the drawing plane tance D between two nucleosomes along the SH axis. The line

made of crosse@}) represents the lower bour}. on the pitch Eq.

consequence, the above results should be supplemented b@%ir;l;ge configurations wittP>P satisfy excluded-volume con-

geometric condition assessing whether they actually corre-
spond to a possible structure, i.e., whether they are compat- , , ) , )
ible with excluded-volume constraints. We here rather stat@f (I,®). It is also interesting from an experimental view-

an upper bound, involving only the geometric parameters oPoINt, si_nce it would allow to extra_ct informations on the
the fiber. Recall thaB is the angle between the nucleosomechromatin assembly from the experimentally accessible val-

axesKIj and the SH axigindependent of by symmetry. A ues ofD and 6.

sufficient condition ensuring that no steric hindrance is en We evidence that a regular helical packing of nucleo-
: . somes is compatible with straight linkers and does not re-
countered in the SH structure is thRat- P, where P 9

quire nucleosome-nucleosome interactighst the special

P.=H cosB+2R|sing|, (3)  configurations exhibiting columnar arrays of nucleosomes
are likely to be stabilized by such internucleosomal interac-
fgjons). Mainly, our systematic analysis shows that it always
led to a 30-nm fiber. Although the detailed structure of the
fiber is strongly sensitive to linker lengthand entry-exit

angle @, the value of about 30 nm for the fiber diameter

whereR is the distance of the nucleosome centers to the S
axis (computed in themMAPLE implementation and H the
height of a nucleosome. F@=0, this upper bound gives
the exact threshold®.=H. All linker lengths such that
P(l,®)=<P, are forbidden. Note that a local breaking of this
criterion is allowed: it is still possible that a few linker
lengths(less than 2r/6) take this value. A more accurate
check can be obtained by drawing for each configuration the®]
developed representation of the SH, i.e. the mapping on ¢
plane of the fiber track on the cylinder of radiRsas shown 47"
on Fig. 7. Knowing the geometric characteristi@s 6, and

B, its construction is straightforward. Excluded-volume con- 31
straints are satisfied if the tracks of any two nucleosomes dc
not intersect. This method requires to check each configura??
tion, hence comes after the criterion Br- P, when it fails.

61

1 11

D. Numerical results

L . . . 03 35 40 45 50 03 35 40 45 50
The major inter f our numerical implementation i
e major interest of our numerical implementation Is to linker length (bp) linker length (bp)

go further than a qualitative description and to compute ex-
plicitly any geometric characteristic of the relaxed fiber, in £ 9. (Solid line compaction rate 1@(nm) (number of nu-
order to study quantitatively its variation with(or 7°) and  cleosomes per 10 nm of fijeand (crosses number 2r/6 of nu-

®. The main results are presented in Figs. 8, 9, and 10 for gleosomes per turn versus linker lengih bp), for =90 ° (left)
linker length between 30 and 50 lpsual case The quan- and®=50° (right). Two nucleosomes per turn correspond to rib-
titative geometric characterization of the SH is essential tonlike configurations, whereas the maximal number is reached for
compare the different structures obtained for different valuesolumnar packingrf,,=43 bp).
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N 2 . the sign of cosf/2). As fiber elasticity originates from linker
0.8_/\ s/ /\\ elasticity, this chirality is the only one relevant for our me-
0s] 061 / chanical study and will be henceforth adopted as the defini-
0ad o 041 ( / ) tion of the fiber chirality. We expect this chirality to deter-
0_2,\: ozl Dx ¥ mine the coupling between the twist and stretch elastic

y / degrees of freedom, i.e., the sign @fto coincide with the
07 07 s /| ab 44  so(bp) S
2] 021 / \} / chirality.
04 04 \J/ ‘‘‘‘‘ ,f In the same spirit, we warn about the difference between
0.6 : 06 ' the fiber and a helical DNA coiling passing through the nu-
081 ’ 081 cleosome centers, in particular, in what concerns their me-
4 E chanical properties.

One of the conclusions of this thorough structural study is
the fact that the connection between the microscopic param-
and®=50° (right). Cos (/2)=0 corresponds to a change in the eters anq th'e SH geometric charapteristics is too complex
SH chirality; cos3=1 corresponds to columnar packing in which and multlvarla}te to get small—scale mformaﬂons from struc-
the nucleosome axes are parallel to the SH axiszdeshen small  tural observations of the fiber. We underline that the study of
and the linkers are almost orthogonal to the g difference is chromatin structure is not in itself sufficient to unravel its
a~4.5° where tam is the slope of the linkers on the nucleo- biological functioning, all the more as structural observation
somes. of the fiber is difficult and some results questionaf88].

Moreover, structural changes might not be the only way to
2Rgy is a robust feature, hence of low structural signifi- pass local DNA madifications to higher scales; the function-
cance; for instance, it does not discriminate close crosgg might rather be controlled by elastic properties.

FIG. 10. Cosf/2) [solid line (1)], cosg [dashed ling2)] and
cosz [crosses(3)] versus linker lengtiin bp), for ®=90° (left)

linked structures and more extended ribbons; For these two reasons, we turn to the analysis of the me-
We enlist some remarkable geometrigsee also Sec. chanical properties of the fiber, which are now at hand since
VE). we know explicitly all the geometric characteristics of the

(1) A ribbon-or zigzag-structure is obtained fér-7,  fiber assembly.
when the number of nucleosomes per SH turn reaches the
minimal value 2; then all the nucleosome dyad axes are |y, ANALYTIC CALCULATION OF THE ELASTIC

aligned, B .iS close tow/2 but slightly different: 8= /2 CONSTANTS OF THE CHROMATIN EIBER
—a (see Fig. 14 ) o
(2) A particular packing is obtained whem,,/ng, equals A. Modeling the chromatin fiber as an EWLR

an integer; the nucleosome axes are then all aligned, hence Our aim is to study the elastic response of the fiber to
all parallel to the SH axisg=0. A fine tuning ofn,, or ® external stresses at scales larger than its pitch. We thus con-

brings then into columns as seen in Fig. 3. . sider that we apply to the fiber a forée along the fiber axis
(8) The vanishing of the pitcP is accompanied by a A; if F were not directed along the SH axis, it would induce

rte:versal offthe SH aIX|s,tfr(t)kr]n WhI'Ch foIIow;ethat m;(h![ﬁ a transitory motion, compelling the axis to align itself with
' slajuzmp_ ;Or\?\/a V"; ultle 0 tﬁ Vtat#e_c "’}nh. Jurr]:p:; 0 'Eeh the force direction, at least far from the ends. We here only
value = 0. We shall see that the vanishing ot the pi suppose that this constrained equilibrium is already reached.

is an importantalthough virtual event, having striking im- ) ) >
plications on the elastic properties of the fiber. We may also apply a torsional torqd, (directed alongh)

(4) A change of chirality is observed foj=7: the SHis  and a flexural torqué/y,, i.e., a torque component orthogo-
right handed forpe[0,7] and left handed fom e[ 7,27]. nal to A. Computation of elastic coefficients describing the
For =, linkers cross the SH axis. linear response of the fiber to the applied force and torque

One has to carefully distinguish between the following. will be performed analytically within a continuous descrip-

(a) The handedness of the track passing through the nuion of the fiber, i.e. an effective large-scale description in
cleosome centers. As we have seen above in the definition @fhich the discrete nature of the assembly is smoothed out.
0, the handedness of this discrete structure is ill defined. Th&/e denoteS the arclength along the axis of the relaxed SH,
same architecture can be seen as right-hafdieect rotation  u(S) its local relative extension()(S) its local twist rate,
R,) or left-handedindirect rotationR,_»,). The choice of andg(S) its local curvature, with respect to the straight and
the value of smallest modulus, adopted here, corresponds tmtwisted relaxed state of the fiber for which (), andp
the shortest path. This “pseudo chirality” is then given by thus identically vanish. Due to the axial symmetry of the
the sign of# and changes whe# crosses the value 77 or  relaxed SH at scales larger than its pitch, the bending energy
whenD (or equivalently the pitct®) vanishes. We underline density does not depend on the direction of the bending so
that this structural feature does not define a relevant chiralitythat it involves only the total curvature and the modulus
due to the arbitrariness of its definition, and should not beM,, of the flexural torquethe special instance of ribbon like
confused with the chirality of the SH, defined here below. configurations that break this axial symmetry is discussed

(b) The chirality of the linker DNA traila broken ling; it below in Sec. V& The fiber has thus only three degrees of
is determined by the position of with respect torr, i.e. by  freedomu, (), andp, local along the fiber. These strains
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Q, andp are the canonical variables of the density of elastickey point of our approach is to relate tis&ressesxerted,
free energy, which reflects in the following differential form: respectively, on the linker, considered as a WLR, and on the
fiber, considered as an EWLR instead of relating strains
desy=Fdu+MdQ+Mydp. (4 (0—w® ppya) Of the linkers and thetrains(u,Q, p) arising
. . . . at the fiber level(this approach appears to be technically
We restrict ourselves to the linear response regime, which is,;mbersome and analytically intractable, see Sec. YIP&
expressed in the following relation: though the stresseS, M,, and M, are not the canonical
variables of the free energy density,,, we shall express it

F v keTg 0 . ! as a function of these variablés M, and M. Plugging
M | =| kgTg kTC O Q|=r|Q Eq. (5) into Eq. (6) leads to the following expression of the
M, 0 0 ksTA/ \p p free energy density:

®)

where it can be shown that the stress-strain teh's@ nec-
essarily symmetri¢a special instance of Onsager relatipns
This linear response ansatz relates the straj3, andp of
the fiber and the stressés M, andM,, experienced by the
fiber. A is the bend persistence length of the filieits twist
persistence lengthy its stretch modulugdimension of a
force) and g the twist-stretch coupling constafito dimen-
sion).

Plugging the linear response anséiginto Eq. (4) leads
to the SH density of elastic free energy:

[kgTCF2+ yMZ—2kgTgFM,] M3
€ = .
s 2(kgTCy—k2T2g?) 2kgTA

)

The principle of the computation is the following: knowing
the relaxed geometry of the fiber, i.e., the quantitieg, z,
andD computed in Sec. Ill, it is possible to determine ana-
lytically the local stresses experienced by linker DNA when
the fiber is constrained at its entand only at its endsand
to deduce the elastic energy of a linker as a quadratic func-
tion of (F,M,M,). The identity of the elastic energy of the
fiber and the elastic energy stored in the linkers will allow a

2 2 2 termwise identification with Eq(7), which leads the values
keTACK(S) | keTCOT (S of A, C, v, andg as analytical functions of the geometric
parameters of the fiber, and through our numerical imple-
+keTQ(S)U(S). (6) mentation, as a functi'on aof(or 7-0) and®. . .

A more important intermediate result is to establish the

Such a continuous description of the fiber can be termedelation between the local stresdesperienced by the link-
EWLR model[16]. It extends the(wormlike chain WLC erg and the glo_bal stre_sséa.ppllled on the chromatln fiber
model introduced in 1949 by Kratky and Porod and currentlyTh€ current point on linkef, with arclengths, is denoted
used to describe stiff polymefd4] by accounting for twist Pj(S)- Recall that linkerj leaves the nucleosome-1 at
(as above for linker DNA12]) but also stretch degrees of Sj-1 arld enters the nucle»osonpeat E; (see Fig. 6. We
freedom. The fact that chromatin is chiral demands a lineadlenotef;(s) the force andm;(s) the torque exerted at the
coupling between twisting and stretching. Due to the axialpoint Pj(s) of linker j by the upstream part of the fiber. The
symmetry of the SH, E,M,,M,) and €,M,,—M,) (and ma(i?)?/vrghumentls invollllved Ln t?g derir\]/ation are trlu? following.
AN , . , en only pulling the fiber, the rotational invariance
zilso (F_’Mt RMy) whereR is any rptatlon around the axis of the relaxed fiber should be preserved when end effects are
A leaving the SH unchanggehould induce the same energy jgnored. We mayand in fact shoulgifocus on the universal,
change in the SH. This symmetry argument shows that thergiationally symmetric behavior of the fiber, observed far

is no other coupling term at the linear order considered hergon, jis ends. Indeed, the quadratic, rotationally invariant
[15]. This model has been fully investigated by many groupsz\y| R energy is to be fitted only to the quadratic, rotation-

in the context of DNA,; in particular, force-extension curves 41y invariant energetic contribution coming from the linkers,
have been obtainefll6]; a nonlinear termv(u) might be  enise the identification would not make sense.

added in Eq(6) to go beyond the linear response regime. (2) \we restrict to the linear regime. We may consider
These results can be straightforwardly transposed to chromgsgiyiqually the different stresses applied to the fiber and

tin fiber, so that the description of the harmonic elastic be'simply sum up their effects to recover the general solution.

havior of the chromatin fiber reduces to the computation o - . -
the four elastic coefficientst, C, v, andg involved in the f'I:he contribution of the applied torqué to the local torque

EWLR model. Their determination from the computation of Mj(S) is merelyM. _ o
the elastic energy stored in the constrained linkers will prove The conclusion follows using standard equilibrium equa-

that the fiber actually fits in an EWLR model when consid-tons of spring mechanics. When external forces and torques
ered at a large enough scale. are applied at the ends only, linear response hypothesis im-

plies that the solution finally reads

GSH(S): 2 + 2 + 2

B. A general analytic method for computing elastic coefficients

The first aim of our study is to express the elastic coeffi- fi(s)=F,
cients A, C, y, andg as a function of the elastic coefficients R R R R
of linker DNA, given the relaxed geometry of the fiber. A m;(s)=M—[0O;(s)P;(s)]/\F, (8
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whereQ;(s) denotes the orthogonal projection®f(s) onto mt2 mﬁ

the SH axisA. It gives the relation between the global €owist= ) TC and €bend™ Zi TA (1)

stressess and M exerted at the fiber ends and the local

stresses experienced at the linker level, at each point of tHccording to a general resulb], besides easy to check di-

DNA path. The rotational symmetry of the fiber ensures thaf €Ctly nerem is constant along the linkef.e. independent
of s), whereasm, may vary with s both in direction and

F is directed along the SH axi& at equilibrium.
modulus.

The term[O;(s) P;(s)]/\F reflects the involvement of ~ The EwLR model is a continuous model. It makes sense
the fiber architecture in the expression of the local torque. Agy describe the elastic behavior of the discrete chromatin
we restrict to the description of harmonic elasticity, the co-strycture by means of an EWLR model only at a large
efficients ofF andM in the elastic energies of the linker will enough scale, so that the discrete effects are smoothed out.
be computed within the relaxed SW.e underline that we do At lower scale, the specific orientation of each linker influ-
not need to compute the constrained shape of the linkers t@nces its energy, more precisely the contribution coming
describe the linear response of the fiber to applied force androm the global stres$7lb, which breaks the rotational in-
torque. We carry on the computation by exploiting the fact variance; the persistence length of bendidgf the SH is
that the fiber is not oriented. It follows th4tO(Ej)E;||  only defined after averaging over, say, one turn of SH. At the
=||O(§j)5j||=r and linker scale, twist-bend and stretch-bend coupling terms are

present; they vanish on the average. The averaging keeps
only the large scale, rotationally invariant, “EWLR-like”

" Rl12— - 2
IEO;(s) Py()INAII*=[[O;(s) Pi(s)l] contribution. The remaining terms describe local contribu-

=r?[co( 5/2)coSz+ sirt(7/2) tions to the bending energy of the SH, canceling each other,
hence with no resulting effect at the fiber scale. The average
X(1-2s/1)?] (9)  over a number of linkers sufficient to recover the rotational

_ _ invariance of the fibefusing (IN) =, u;~(cos2)A) is con-
where, r, andz are the values associated with the relaxedyenjently replacedexcept for the ribbonlike structure for

SH. which the rotational invariance breaks down, see Sec) v E
the computation by an average over the directionsﬁkgf
C. Small-scale grounds for the EWLR modeling of the (denoted()): it has the same effect of extracting only the
chromatin fiber resulting contribution at large scale. After integration of the

Linear response ansatz applies both at the linker leveflensitiese,engandey,is; along the linker, the elastic energies
(WLR model, with parameter& andC) and at the SH level Ebend @NdEqyis; Stored in a linker write
(EWLR model with parametersl, C, y, andg). Knowing 1 |
the stresses thus gives the strains, respectivepy/,o Ebendz—f (m2(s))ds (12
— % and ,Q,p), if required, and the elastic energies. The 2AkgT Jo
computation of the SH elastic constants rests on the obvious

2,2

but essential fact that the elastic energy stored in the SH,  — T sir?l 21 + 3 cogz Cog(zﬂ
expressed by Eq7) at the SH level, is nothing but the sum 6AkgT 2 2
of the elastic energies stored in its linkers, since no interac- 2
. ; ; : IM{ IFM,r 7
tions are involved in our modeling. + sinfz— cosz sinz cog —

A key point is the different decompositions of the torques 2AkgT AkgT 2
into torsional and flexural components at the fiber level and 2
at the DNA level IMp

+4AkBT(1+cos’-z), (13

M(S)=MA+My(S)(SH); m(s)=mu+my(s)(linker). L
(19 Etwist=mfo<mt2>d5

The relation between the two decompositions involves the

fiber geometry. We underline once more that in the linear . I(m¢)

response regime, only the relaxed geometry is involved. The ~ 2CkgT (14
first decomposition gives the components involved in the

EWLR energy density, whereas the second is required to I 7\ . 2 IMﬁsinzz
compute the elastic energy of a linker. Indeed, the elastic = 2Ck,T Frcog 5 |sinz+M;cosz| + T4CkgT
energy densities of a linker can be expressed as a function of (15)

local stresses, according to

D. Analytic expression of the elastic constants as a function of
geometric parameters of the fiber(SH)

— _ .0
m=kgTClw— ), (11) The quadratic expression Bf, .t Eiwist @S @ function of
My=KkgTAppnas F, M, andM,, is straightforwardly identified with Eq(7)
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integrated over the lengtB. This justifiesa posteriorito 50
map the fiber and its elastic behavior onto the continuous
EWLR model. In other words, it provides a microscopic vali-
dation of the EWLR modeling of the chromatin fiber. In
particular, we check the expected vanishing of the twist-bend®}
and stretch-bend coupling. Some algebra finally yields the
elastic constants of the SH fiber: e

B AD/I AN
1—(C—A)/2Csirfz’

CD|[tar?(7/2 A
C=— $+cos’-z+—sinzz K(7,3), 2] 0
I 3 C
Ly TD A cosz+C sirtz K(n.3) ] =
TR ricog(n) | " .
D[(C—A)sinzcosz K(n.3) o] s
=0T s mmd Y ) ) 1
9=1 r cog 5/2) K (1) ) ( )
where 0% 35 w4 s (bp) 9% 5 @ 4 se(bp)
8 8
_ 1 o] o
K(7,3)= c . (1) i
cosz+ —sirfz
A . K

. tarf( 7/2)

3 3A T m @ & g (bP) o7 T & s (bp)

2] V \/ -2 v

We underline that our approach yields the elastic constant_

of any relaxed geometry, hence allows an analysis of sensi-
6]

tivity with respect tol (i.e., 7°) and®. e
-8- 87
V. RESULTS AND PHYSICAL DISCUSSION FIG. 11. Above:Twist persistence lengtti [dashed line, curve

()], bend persistence length [solid line, curve(2)] and SH pitch
P [lower thick line, curveg3)] in nanometers versus linker lengdih
Numerical implementation of the above analytical formu-bp, according to|=I°nbp/n8p) for ®=90° (left) and ®=50"°
las can be performed for any values of the microscopic patight). Note that they all vanish at a critical valug, ., strongly
rametersl and @, in continuation of Sec. Ill, thanks to a depending onb and on the detailed modeling of the nucleosome
MAPLE program. We here present the results obtained in thér chromatosome The dotted lindcurve(4)] represents the lower
two situationsP =90 ° and® =50 °, taking as a variable the bpund P [Eq. (3)] indicating the values qﬁbp_ forbidden by steric
linker length. Starting from the microscopic structural pa-nindrance.Middle strech modulusy [solid line, curve(1)] and
rametersr® and®, passing through the determination of the &ffective stretch modulugey;=y—ksTg/C [dashed line, curve
SH geometric characteristid, r, z, and 7, we obtain the (2] in pN for ®=90° (left) and ®=50° (right). Below: twist-
explicit values of the elastic constants, as functionsfor fgrfggfj’“f‘t’“”ggdg‘i g'glen.s'ﬁ? versus linker lengthin bp) for
equivalentlyn, ) at fixed (arbitrary ®. Indeed, expressions ~ (left) and ®=50" (right).
(16) are valid for any relaxed structure, hence allow to ana-
lyze the complete range of variations of the elastic constants The curves of Fig. 11 evidence a strong sensitivity of
as7® and® vary, as shown in Fig. 11. Here we present twoelastic coefficients with respect to the fiber structure, as con-
typical cases, currently proposed in chromatin structuratrolled by n,,. A striking result of our study is the sharp
studies:®=90° then®=50°. A decrease ob is presum- decrease of all elastic coefficients together with the pRch
ably induced by an increase of salt concentration, loweringaround a critical valu@y,, (P) for which P vanishes. The
the mutual repulsion of ingoing and outgoing linkers andcritical valueny, .(®) depends on the value df and more
strengthening the structural effect of linker histones. Experigenerally on the precise modeling of the chomatosome? As
mental observations of a fiber dressed with linker histonesanishes, steric hindrance between nucleosomes precludes to
showed that a value ob around 90° corresponds to a salt build a regular structure witm,,=n;, .(®), so that this
concentration of less than 5kh NaCl, whereasb decreases feature might be seen as irrelevant. Nevertheless, it is pos-
below 50 ° above 151 NaCl[19,31]. sible to haveny,,=ny, (P) locally, i.e., over less than one

A. Numerical results for the elastic constants
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turn of SH; this flexibility, although local, might yet have 1
dramatic consequences: it is possible to create a noticeabl
kink in the chromatin fiber at this point by applying only
very weak stresses. Such “critical” turns appear as defects
where the regular compact fiber is easy to “open.” More- 4
over, the curves near,, . but above the excluded-volume
thresholdP, are still influenced by their vanishing im,, .
The steep variation of the elastic constants in the neighbor-,, ]
hood ofny, ¢ is an actual property, corresponding to a highly
sensitive fiber: the geometric paramef@rand the elastic o
constants increase by a noticeable factor within one or two
base pairs. Another important result, whose implications are 1;
discussed belowSec. V D, is the observed change of chiral-
ity of the SH, defined in Sec. IlID as the sign of cg&) 081
and exactly correlated with the changes in the sign of the
twist-stretch couplingy. 067
Finally, the relative energetic contribution of linker bend-

ing and linker twisting are shown in Fig. 12 in pure cases *] 41

where only one of the stressés M., or M, is applied (2 (2)

(stretch, twist or bend at the fiber leyeWe checked that the  **] 2

stretching energy and the twist-stretch coupling energy of the m

linker are negligiblgat most a few percent of the total elastic ° & s (bp) 0% 3% 4 45 subp)
energy stored in a linkgrdue to the high value ofypna
(around 1200 pNand gpya (between 20 and 3015,22.

The figure evidences an interesting feature coming from the,] 1) o8]
spatial organization of DNA into a chromatin fiber. Accord- (1)
ing to the fiber structuré.e. linker lengthl and angleP) and ] wi” N

the nature of external stress@sulling force, torsional or

0.8

g
b
£

flexural torque the linkers react either by bending, or by ,,] 7 0.4_,.\_(%\/
twisting, which might play a biological role by regulating the /\A/
local DNA structure. 02] 02
Our computation of4 is based on its “energetic” defini-
tion through the expressiof6) of the free energy of the v (bp) o5 5bp)

EWLR description of the fiber: the energetic cost required
for bending the SH axis and creating a uniform curvaplie FIG. 12. These figures represent the relative contribuiiofo)
ks T.Ap?/2 per unit length. It originates from the cost of twist of bending energycurves(1)] and twist energycurves(2)] to the
and bend distortions induced at lower scale on the linkergotal elastic energy stored in a linkéwithin the chromatin super-
This definition does notand does not have t@onsider pos-  helix), versus linker lengthin bp), in various instancestabove
sible steric hindrance(hard-core interactions Indeed  when a forceE =FA is applied along the SH axi but without any
excluded-volume constraints do not contribute to elastic entorque,(middle when a torsional torquki,= M.A is applied but no
ergies hence do not modify; they only forbid some defor-  force, (below when a flexural torqueNi,- A=0) is applied but no
mations. To determine whether a given bending of the SH isorce. Two values of the anglé® have been investigatedb
possible, one has to check the following. =90° (left) or ®=50"° (right). The almost flat line, below 2%, in

(1) First to check whether such a bending is “geometri-the two upper figures, corresponds to the fraction of energy corre-
cally” allowed, i.e., satisfied excluded-volume constraings  sponding to stretch deformations; it is obviously negligible. We
necessary condition is thaiR.,<1, i.e., the radius of cur- compare these curves with those obtained for an helical coiling of
vature 1p should be greater that the excluded-volume radiu®PNA (Sec. V B having the same values afandr [crosses, curve
Rsy [36]. (3) for the twist energy andiiamonds, curve4) for the bending

(2) Second to check whether enough energy is availablegnergy. When applying only a pulling force, the partitions differ
using the valued determined above, notwithstanding the strongly; by contrilst, the partitions observed when only a torque
excluded-volume effects. (either M., eitherM,,) is applied are exactly identicéthe curves

Note that these criterions are independgaometric and ~ Superimpose

energetic respectivelyand they can be checked in any order. . .
g P ha y y z (here between its axis and the tangent to the elementary

fiber) and the same radius The helical spring is thus im-
plicitely controlled by the same parametérand @ as the

It is interesting to compare the SH elastic behavior to thaSH. The comparison enlightd) that the chromatin fiber is
of a simple helical “spring” (a toroidal coiling of DNA, actually a spring from a mechanical point of view, although
i.e., the continuous structure characterized by the same angdespecial, tunable, one; ari@) that the difference between

B. Comparison with a helical coiling (ordinary spring)
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ordinary springs and chromatin lies in the angle(»=0 in  chromatin fiber, the energy stored in the linker bending is in
ordinary springs, whereas it is not small in chrompgtfrom  any case largetand sometimes far largethan the energy
which originates the tunable character of the chromatirstored in the twist. This remark reflects the following prop-
spring. erty of the SH: giverm, andm,, (modulus averaged along a
The reasoning to compute the elastic constants of an hdinker), it is possible to determine a forde and a torsional
lical spring, is at each step, analog to the above Bec. torque M, creatingm, and m, on each linker only ifmy
IV). We obtain the following expression for the average en-=Cte.m,, where the constant depends on the SH geometric
ergies per unit length: characteristics. In particular, it is impossible to hamg=0
unlessm,=0, i.e.,F=M;=0.

. 2 .
_ (Frsinz+M cosz)* M sinfz This difference between the elastic behavior of the SH

- 2CkgT * ACKgT ’ (A7) and the corresponding simple helical coiling originates from
the discrete structure of the SH, where the linkers are spaced
cofzF?r2 MZsirfz  EM,r coszsinz by rigid kinks (the nucleosome@sThis strongly modifies the
€p= 2AKgT + 2AkgT AkgT relation between the pulling force _apphed at the fiber ends
and the local flexuralrf,) and torsional §n;) components
M2(1+ cogz) determining the DNA elastic energy. The discrepancy is
W7 (18) maximal for sing/2)=1, which corresponds to the SH con-

formation in which the linkers cross the SH axis and SH

where the average is performed either on the orientations d@tirality changes, which obviously never occurs in an helical
M, , either on a turn, i.e., over an arclengtiriZsinz corre- coiling of bounded radiugeither left handed or right handed,

sponding to the pitch 2r cotz. Such an average is essential but never in benlxeen if _nei:c'her van_ishes nor diverges
to fit in the definition of elastic constantsontinuous, rota- ~lthough the SH * looks like” an helical coilingsee Fig.

tionally invariant EWLR model The expression of the elas- 3), ,itS response 1o a pulling force differ; from th_at of an
tic constants for an ordinary spring follows: helical spring. Indeed, we again underline that its elastic

properties are determined by the characteristics of the broken
line formed by the linkers, which might be quite different

A= ﬁ, from an helical coiling(especially wheny is close tor,
_ (C-A) sirtz which corresponds to cross-linked structiyres
2C Elasticity theory of a homogeneous cylindrical fd&g37]
) predicts the relation AkgT= yRéH. The predicted value of
C=cosz(C cosz+Asirfz), A using this formula is roughly correct for the helical coil-
ing, but it overestimates the actual value of the SH persis-
keT COSZ(A co€z+ C sirPz) tence length by a factor of 2 or more. This discrepancy en-

L lights the importance of the complex substructure of the SH,
leading to a fiber quite different from an homogeneously
. (C—A)sinzcogz filled cylinder of radiusRgy and even from a helical coiling

; 19 of DNA.

In fact, these classical formulas of spring mechanics can be . " ) _
recovered directly from those obtained for the chromatin SH C- The origin of the sensitivity of the elastic constants with

by letting | —0 at fixedz in the SH formulas; accordingly, respect to the fiber structure

n—0 and D/l —cosz. This link proves that chromatin is Although the chromatin SH and an helical coiling of
actually a special kind of spring. In the chromatin fiber, DNA exhibit quantitative differences, their elastic behaviors
sin(7/2) is not small and can even reach 1. Hence all theshare the same key featufeee Figs. 11 and }3a sharp
features depending ow will exhibit a striking difference decrease towards zero of the elastic constants, together with
when comparing the SH and the helical coiling of DNA. This the pitch. Considering a simple helical spring yields the—
is the anglen+0, reflecting the discrete character of the quite intuitive—explanation of this feature: when the slope
chromatin assembly, which is mainly responsible of the tun-of the elementaryDNA) fiber decreases to zef®NA path
able elasticity and tunable chirality of the chromatin fiber, asalmost orthogonal to the fiber axishe number of turns per
can be seen by comparing the elastic constants of the helicahit length along the fiber axis increasaee, in particular,
spring and of the chromatin fiber. the divergence of the compaction ratio @Qhm) in Fig. 9,

Let us also compare the distribution of DNA elastic en-outside the figure frame This accumulation of turns, each
ergy between twist and bend degrees of freedom. The conacting as a hinge, easily allows a huge deformation of the
parison is presented in Fig. 12. When only a torgeither  fiber, simply by the addition of small changes occuring in
torsional or flexuralis applied, the partitions in the SH case each turn. This explanation, involving only an accordionlike
and in the case of an helical coiling are exactly identical.behavior, ensures the robustness of the feature. The flexibil-
When only a pulling force is applied, the energy is mainlyity dramatically increases when the number of coils per unit
stored in the torsional energy in the case of a simple helicdength of fiber increases, whatever the precise geometry with
spring, whereas it is the converse in the chromatin SH. In thevhich the elementary fiber is coiled into a large-scale one.
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FIG. 14. Ribbonlike structure of the SH€ 7), here projected
55 (bp) % (bp) in the plane D,NAD); indeed, wheng=m, all the planes
(Dj N;/ADj) coincide. The SH axis makes an angle/Z— )

FIG. 13. Twist persistence lengih [dashed line, curvel)],  quite small with this plane4/2— 8= a~4.47 °) the nucleosomes

bend persistence length [solid line, curve(2)]in nanometers of an 416 almost orthogonal . Obviously, D sin 8=I sin@/2).

helical spring versus linker lengtin bp) with the values ok andr

equal to those of the SH, respectively fér=90° (left) and ® - . . >

=50° (right). This shows that the decrease of the persistencé’\”th.In the SH. Applying(only) a pulling forceFA creates a

lengths and their vanishing in special valugg, . is a geometric torsional torque

effect: it is due to an accumulation of turns on a small distance

along the axis, allowing a dramatic unfolding.

m,= Fr sinzcog 7/2). (20

The sign of cosf/2) thus determines the sign af; (recall

The strong correlation between the pitch and the fouithat by definition sirz>0). According to this sign, i.e. to the
elastic constants behaviors whey), varies simply reflects in  SH chirality, pulling the chromatin fiber will either twist or
the very expression of the elastic constants: they all write agnwind the linker DNA double helix. This behavior is well
(D/1)f(z,r), hence are slaved to the vanishingior P). known in the context of multi-strand spring88]. Its bio-
The factorD/I shows that the extensibility and flexibility of l0gical interest might be to regulate DNA denaturation re-
the SH are controlled by its degree of compaction. The morduired for transcription and replication. V\{e get a similar re-
compact the conformatiofiow value of P), the more flex-  Sult when applying a torsional torquéA; the torsional
ible is the fiber, easily bent, twisted or stretched. We claimiorque atthe linker level isy, =M cosz A change of sign in
that the result is typical, i.e. does not depend on the details gfosz inverts the action of the given torqéA at the DNA
the modeling, but only on the general feature of the chromalevel, and we see that such a sign alternation actually occurs
tin fiber assembly, i.e., nucleosomes linked by segments df each interval of length 10.6 bp.
DNA. This form (D/1)f(zr) also indicates thathe elastic Qonversely, a modification of the I_inker t\_/visF, as can be
properties of the fiber are mainly controlled by the angle z&chieved by intercalator enzymes, will modify in a tunable
between the linkers and the SH axisdeed,z roughly de- Way the geometry of the SH fiber; according to the SH

termines the decomposition of local stresses among twist angr'ira”ty’ the same ((:jhangz of the linker tV;’]iSt V;]’i” eithgr ?,On'
bend degrees of freedom of linker DN@&tretch is always ense AD.<0)' or decon enseA(D_>O) the chromatin -
negligible. ber. This possible mechanism of condensation/

decondensation and its biological relevance will be
) ) ) o investigated in a forthcoming papésee also Sec. V)F

D. A multistrand spring with tunable chirality

We first underline that the chromatin fiber is a spring of E. Special geometries

tunabl_e chirality: the .sign of the twist-stretch coupligg _ Ribbon (or zigzag) The first peculiar geometry of the
associated to the chiral nature of the SH, changes WiCfper is the zigzag or ribbonlike structure, for which the

within a “period” (an| interval of width 10.6 bp, i.e., the  ¢ro55 jinked and roughly toroidal coiling degenerates into a
DNA pitch), see Fig. 11; correspondingly, a change from &qa¢ strycture. The number of nucleosomes per turn then
right-handed SH to a left-handed SH occurs, as seen on Figsaches its minimal value of 2. i.ed= . In this case rep-

1. Reverse behaviors are observed in right-handed and leftzsented in Fig. 14
handed SH. Indeed, change of chirality exactly corresponds ’

to change in the sign of the susceptibili®p/dr, i.e., the T ] ] [ sin(®/2)
slope of the curve givin® as a function ofy,, (see Fig. 8 p=7—a, cosz=sing sin(®/2), D=w-
up to a factordn,,/dr= ngp/277. The noticeable conse- (21)

guence is that a changer will either decondense or com-

pact the fiber according to the sign 6D/d7, i.e., to the We locate this kind of configurations by determining in Fig.

chirality of the SH. 9 the linker lengths for which 2/ 6 equals 2. It appearsee
Far more, the two-level structure of the chromatin fiberFig. 10 that cos then reaches its maximal value. Note that

makes it quite similar to a multistrand spring: an interestinga ribbon is chiral, and is not the maximally extended con-

behavior arises from the interplay between the right handediguration; on the contrary, a small length changenf,

ness of the linker DNA and the tunable chirality of its coiling = 1) drives it into sterically forbidden configurations.
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Nonchiral configurationsThe SH chirality changes when their axes parallel to the column. A SH configuration exhib-
cos(p/2) vanishes, i.el.n|=m; in this case, the linkers cross iting a columnar packing of nucleosomes in low-salt condi-
the SH axis. This configuration is remarkable mainly for itstions is likely to be stabilized by internucleosomal interac-
mechanical properties. Indeed, the absence of chiralityions when the ionic force increases, better than any other
amounts, from its very definition, to the vanishing of the configuration. In presence of linker histones, the specificity
twist-stretch couplingg=0. Moreover, as explained in Sec. of “columnar” SH is strengthened since linker histones too
VD, the sign of cosg/2) determines whether the linker exhibit a propensity to stacking.

DNA is unwound(i.e., denaturedor on the contrary twisted
when the SH is pulled.

Since sing/2)=1, the configuration is the limiting case
opposite to the helical spring, for which s#i2)=0. In par- We carry on the discussion by presenting the experimen-

ticular, when the fiber is only pulled{=0) the twist en- (@l validation and prospects of our results.

ergy stored in the linker vanishes: all the elastic energy of the !N the past few years, a novel experimental method of
linker is stored in the bending degree of freedom investigating structural and mechanical properties of biologi-
’ cal macromolecules or complexes, as DNA or chromosomes,

IF2r2  13F2co(d/2) has been developpé87,11,41,42 It is based on microma-
Eb:GAk T T omAKT >0, (22 nipulations and force measurements on an isolated fiber. It
B B belongs to the rapidly expanding field of investigations
lknown as “single molecule biophysic§44,43. The experi-
ment deviced in the context of chromatin study transposes to
: o a chromatin fiber a methodology first implemented with
iggg:gjs.(speual nucleosome positioninghould not be DNA. It consists in pulling the fiber under various con-
straints and in various conditior(salt concentration, pres-

In fact, this configuration is not rotationally symmetric, ‘ i hemical f d to det
hence has two bend elastic constants. They are comput&Tce of specific enzymes or chemical factoend to deter-

within the same lines as above, but without performing am;mn_e the ensuing deforma’uon_s of the fiber. Vary_mg the
o _ N pulling force yields force-extension curves characterizing the
average over the direction of the bending torddg; the

) fieation i th ) elastic response of the fiber.
identification is done with an asymmetric EWLR X4 ma- Nevertheless, at the chromatin scale, the applied stresses
trix with two bend persistence lengh§his yields

are artificial and cannot sensibly refer to an event occuring
vivo: contrary to DNA case, an enzyme is not large enough

F. Comparison with chromatin fiber pulling experiments

Etzo,

which never occurs in a helical spring. We underline tha
nonchiral structuregspecial linker positioning ribbonlike

A :% and A :% 1 (23) to directly handle the 30-nm fiber or to experience the chro-
7 27 (C—-A) 2 matin fiber state of strain, for example its torsional strain or
T~ ¢ SNz its curvature(the onlyin vivo mechanism of that kind, i.e.,

the action of the mitotic spindle on chromosoni&k occurs
Nevertheless, the orientation of the bending torque is no&t @ much larger scaleThe biochemical processes, for in-
controlled at this level, hence the relevant elastic behavior, tétance binding of a biological factor or chemical modifica-
be observed experimentally, is rather predicted after havin§on, occur at the elementary levédcale of DNA and nu-
performed an average over the torque directions. This recogleosomes whereas the experiment probes the 30-nm fiber
ers a rotationally symmetric behavior, characterized by th@ehavior. A mechanical modeling relating the DNA scale
above given persistence length as it can be seen directly and the fiber scale is thus necessary to exploit all the infor-
in the formula mations provided by single-fiber pulling experiments in
terms of biological functions. Conversely, these experiments
are essential to validate the model and the underlying hy-
‘ (24) potheses on structure and interactions, to fit dubious param-
eters and possibly to ask for refinements. The EWLR model

Columnar packingSpecial configurations are obtained whenallows to predict force-extension curves, to be compared
Nyp iS close to an integral multiple ofg (for instanceny, with t_h(_)se obtalr_wed in S|_ngle-f|ber experiments. Our study,
=42 bp or 43 bp In this case nuclgosome axes are alldescribing the microscopic root of the EWLR model of chro-

parallel hence parallel to the SH axis due to the rotational"@tin. thus provides a bridge between microscopic structure

symmetry. We actually check on the curves of Fig. 10 thand observable. properties of the overall ﬁ?er-
=0 for n,,=42 bp, whatevesb. It is noticeable that geo- In the experimental setup used by Cui and Bustamante

metric characteristics a3, z, and » are much sensitive to [6], the fiber, of relaxed length, is pulled by means of

variations ofn,, around this value of 42 bp, which reflects in optical tvvgezers. There is no direct contact.wnh theﬁflber
a similar sensitivity of the elastic constants, as seen in Figends, which are free to rotate. No torque is applied (
11. Fine tuning ofn,, and ® leads to a configuration in =0) and free twist fluctuations take place. It corresponds to
which the nucleosomes are organized in columnar arrays. the situation recalled just above. Some of force-extension
has been evidencd®9,4(Q that free nucleosomes exhibit a curves that they present are relaxation curves in low salt, for
liquid-crystal-like nature and tend to form columnar phasesyhich it is legitimate to ignore interactions between nucleo-
in which the nucleosomes are stacked one upon other withomes. Cui and Bustamante fitted these experimental relax-

1_1(1+1
A2VA T 4
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ation curves within the EWLR model presented in Sec. IV A.et al. [44], using a Monte Carlo simulation of the fiber. One
Recalling that their experimental setup allows free twist fluc-of the interests of such a simulation is to include explicitly
tuations, the fit involved only two elastic constants: the bendhermal fluctuations but, as they show in their paper, the
persistence lengttd and an effective stretch modulugss  behavior experimentally observed is mainly deterministic
=vy—kgTg?C. They found.4~30 nm andy.; =5 pN, (except at very low foroe Moreover, the possibility offered
values to which we may compare our theoretical predictionsby a simulation to treat accurately the interactions, for in-
The comparison leads to a striking result: we show in Figstance between nucleosomes, is at the moment hampred by
11 that the set of values4~=30 nm, 7y.;~5 pN) is ob- the lack of data, preventing to go beyond an effective isotro-
tained forn,, belonging to a narrow window between 42 and pic model of interaction. We thus believe that Monte Carlo
43 bp whatever the value @b is (we checked values @b simulations are not necessary, at least as regards the problem
ranging from 130° to 40°). Sincay, is then an integral of reproducing the experimentally observed force-extension
multiple ofngp, this case corresponds to special structures ofurves. Indeed, an analytic answer is at hand, even with nu-
the SH in which the nucleosomes pack into columnar arraysleosome interactions, and with more refined excluded-
(Sec. IV B; only the number of columns varies with and volume constraintg¢see Fig. 7 and the analog that could be
with the precise modeling of the chromatosome, see Fig. 3:onstructed for the linkers, by unwrapping the cylinder of
Pulling the fiber will induce a change ik but notin7, due  radiusr). Simulations would become really useful to handle
to the special orientation of the nucleosomes; this orientatio@ more detailed description of the chromatosome, for in-
is thus preserved, heneeand A will not change: no non- stance with an explicit linker histone.
linear effect arises when starting in this special columnar Another approach has been used recently by Schiessel
geometry, hence a fit by an EWLR actually accounts for thedl- [7]. As discussed belowSec. VII B), its basic step is to
whole force-extension curve, even in the region wheis relate the strains at the DNA and fiber scalestead of the
not small with respect to 1. stresses, as performed here in Seg. [Mhey only managed
In an experiment performed at higher salt concentratiofo determine some elastic constatamely y and .A) of
(in 40—150mM NaCl) Cui and Bustamante observed a pla- Special geometries, at the expense of some approximations,
teau in the force-extension curve at a Vaﬁ@eMeen 5pN but they giVG analytical expressions directly in terms of the
and 6 pN. They interpret this plateau as a structural transitiomicroscopic parametetberel and®). Moreover, the forces
corresponding to the breaking of some short-range attractivéat they predict in their theoretical force-extension curves
interactions between chromatosomes, from which follows @re smaller than the results of Cui and Bustamante by a no-
dramatic decondensation of the fiber, at constant force. Ouiceable factor of 4. This could be explained by their deriva-
modeling cannot, of course, directly account for this confor-tion, summing up the bend and twist contributionsyo*,
mational transition since internucleosomal interactions aravhich is questionable. Indeed, looking at the basic example
ignored: only relaxation curves can be predicted, or curves i®f an helical spring shows that instead of writing
low-salt conditions where interactions are always negligible,;y (A,C)=y *(A,C=0)+y *(A=0,C), one should sum
even at low force, and the chromatin always extendedre ~ up the stretch moduli, according tg(A,C)=y(A,C=0)
is besides no plateau in this low-salt case +y(A=0,C) as in the case when springs act in parallel. This
But we claim that our study is specially well suited to leads to a discrepancy of a factor of 4 when the “elemen-
investigate the relevant biological question, which is ratheitary” strech modulusy(A,C=0) andy(A=0,C) are of the
to determine local mechanisms that could induce such a deéame order. Moreover, in the case of the SH, the actual ex-
condensation, i.e., that could create local stresses of larggessionsee Eq.(16)] shows that such an additive decom-
enough strength to break the interactions. Indeed, a simpleosition does not exactly hold in the SH case. These two
criterion of efficiency of biological factorée.g. enzymesis  objections could explain the discrepancy between our value
that the global stress resulting from their binding should beof 5 pN for y, in agreement with the experimental results of
larger than the critical forcE, measured by Cui and Busta- Cui and Bustamante, and their valge=1.2 pN, observed
mante. Our approach provides a direct method to check thitor quite similar fiber conformations with crossed linkers
criterion since it relates the local strains induced by the bindfSchiesseét al. considered a structure witin our notation$
ing of the enzyme on linker DNAexperimentally measured ® =85 ° andr=236 °, which corresponds to 42—43 bp in our
or deduced from a molecular mechanics simulatiirst to  model.
the associated local stresgéy. (11)]; then, by extending
the computations presented in Sec. 1V, it is possible to relate VI. BIOLOGICAL DISCUSSION
these local stresses to the global stress experienced by the
chromatin fiber, to be compared to the measured vElue
and to the global deformation of the fiber conformation. The We thus show a wide range of different elastic behaviors,
implementation of this methodology in the case of intercalaseparated by a minor change in the linker length. We suggest
tors, which gives insights on thé vivo condensation/ that this tunable elasticity might be used as a regulatory
decondensation mechanisms of the chromatin fiber, will benechanism during the cell cycle. For instance, a slow modu-
presented in a subsequent paper. lation of the linker lengths might create different domains in
We mention that our work is not the first theoretical, the chromatin fiber, of much different rigidities, and might
model-based approach aiming at accounting for these expenprovide a preliminary underlining of transcriptionally active
mental results. The first one has been developped by Katritcthromatin regions. The response of these different regions to

A. A tunable, highly sensitive, elastic structure
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a same local stresfprotein binding, for instangewill be nucleosomes exhibit a liquid-crystal-like nature, leading to a
dramatically different. For example, intercalation might con-spontaneous columnar ordering. We thus expect native SH
dense or decondense the fiber, according to the sign aftructures to favor columnar packing of nucleosomes, as they
dD/dz, i.e., the chirality: withinAn,,=2 bp, opposite con- correspond to the more robust three-dimensional organiza-
sequences will be observed. This underlining, inscribed irion of the chromatin fiber. Note that whereas a model with
the very structure of the fiber, allows a rapid and selectedtraight linkers is compatible with the observed structure and
response to a nonspecific stress, which might be biologicallglasticity of the chromatin fiber at low ionic strength
more relevant than a mechanism based on enzyme recogrfEmM NacCl), interactions between stacked nucleosomes
tion of a specific sequence, moreover, possibly buried insidshould induce a bending of the linkers at higher ionic
the fiber. Mechanical sensitivity is likely to provide efficient strength. More probably, the conflicting effects consistency
switches for processes occuring at the fiber level. between nucleosomes stacking and linker stiffness might be
The chromatin fiber thus exhibits tunable structure, tun+econciled by linker DNA kinks, occuring near the entry-exit
able chirality, and tunable elastic properties. We suggegpoints and induced by the binding of linker histones H1 .
three possible mechanisms to implement the required adap- For ®=90° (low-salt situation, the degree of compac-
tation of the linker length. tion 10D (nm) reaches its minimal value for the same value
(1) The first mechanism involves nucleosome displacen,, located between 42 and 43 bp. This underlines a key
ment; acetylation of histone tails untightens the DNA wrap-feature of the corresponding configuration: at low salt, it is
ping around the histone core and presumably allows nucleghe most extended and rigid configuration; at the same time,

some mobility. Nevertheless, topologicdinking number i ig the most responsive to salt induced compaction. Indeed,
conservation and mechanicalhelical gearing constraints  ,¢ ceen in Fig. 9, the degree of compactionD1@#m) is

make the motion of the nucleosome quite different from a_. .. -\ atn,,=42 or 43 bp ford=90°, and it strongly
. p )

mere translation along the DNA, and the kinematic feasibil-

ity deserves to be investigated further. . . .
(2) The second mechanism involves intercalating en_edged effect of increasing the salt concentration. Moreover,

zymes, modifying the twist of the linker. A detailed study of this configuration strongly favors a second compaction step,

the interplay between linker intercalation and the chromatifSured by the attractive interactions between nucleosomes
fiber mechanics will be presented in a subsequent paper. (OF rather chromatosomeshat arise when the nuclesome

(3) The best candidate might be a mechanism involving@ces are close enough. We, in particular, recover in this
the linker histone. Indeed, the valag, involved here is the SCheéme the two-stage compaction of the 30-nm chromatin
effective length of the linker, beyond linker historiee., ~ fiber observed experimentally6—49. An insight into this
outside the chromatosomeThis length might be tuned by a interaction-induced compaction can be obtained by setting
slight displacement of the linker histone awayr,,<0) or the effective parameters,,; andH to 0, thus mimicking the
towards (An,,>0) the nucleosome. An alternative tuning enhanced influence of linker histone at high-salt concentra-
mechanism lays on the variation &f, controlled in particu- tion; in this caseP decreases to about 6 nm, indicating that
lar by the presence of linker histone, salt concentration angucleosomes actually stack very closely onto each other and

increases whe® decreases to 50°, which is an acknowl-

histone tails binding affinities. lead to a superstabland presumably rigidfiber. It has been
suggested 31] that H1 is required not so much to get a
B. A chromatin structure folded fiber(compact fibers have been observed in absence

of H1) but to get a properly folded fiber. We suggest that H1
might be involved in the tuning of the effective linker length
and twist, actually involved in the assembly. In any cases,

1 stacking interactions favor configurations exhibiting co-
lumnar arrays of nucleosomes.

We evidenced that a value of linker length, between
42 and 43 bp leads to the valugs=30 nm andy~5 pN
whatever the value ob. Sinceny,, is then about ngp, the
nucleosome axes are all parallel hence parallel to the SH ax
due to the rotational symmetry. That such organized struc
tures lead to4A=30 nm andvy.;;=5 pN, whateverd is
(and even whatever,,., andH are, as we checkeds ex- VII. CONCLUSION AND PERSPECTIVES
plained by the fact that the _SH elastic properties originate A. What did we learn from this study?
from the linker DNA contribution. As shown by the compu- . o ]
tation of SH elastic constants, this contribution is mainly ~The chromatin sensitivity of the fiber response to global
fixed by the linker orientation with respect to the SH axisOr local stresses evidenced in this study sheds light on the
(i.e., z). This matching between our predictions and experi-biological interest of the so peculiar and so universal assem-
mental results strongly suggests that the structure underlyingly of chromatin fiber. It enlights possible relations between
the observed elastic properties is a columnar packing of nusmall-scale structure and gene regulation through the fiber
cleosomes. We thus supplement the argument of &aml.  mechanical properties. For instance, we evidenced that a mi-
[45] in favor of rotationally phased nucleosomes: the actuahor change of or 7 around some “critical” value inverts its
relaxed SH structures are selected according to their abilitghirality. Hence, its response to a torsional torque induces
to be stabilized by internucleosomal interactions when theither an extension, or a contraction of the fiber, and its re-
ionic force increases. Our claim is supported by the results o§ponse to a pulling force will either wind or unwind the SH
Livolant and co-worker§39,40, in which it is observed that fiber. Moreover, as DNA itself is chirakight handeg, the
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response at the DNA level is also controlled by the SHworks for DNA [22] but not in the case of chromatin. The
chirality: pulling the fiber unwinds the DNA if the SH is left discrete and complex nature of the chromatin assembly leads
handed. to difficult and cumbersome computations in order to deter-
The tunable energy partition between twist and bend demine the linker shape, as it can be seen in the work of
grees of freedom at the linker DNA level may be of biologi- Schiessekt al. [7]. Moreover, this approach fails to give an
cal interest: according to the chromatin configuration, eitheanalytical solution except when the relaxed fiber exhibits a
a twist-sensitive protein will bind onto linker DNA, or a special geometry, for example a ribbonlike flat structure.
protein whose binding is favored by the local curvature of Determining the conditions for local equilibrium is pre-
linker DNA will be the adapted factor. Hence the mechanicalcisely what is done more straighforwardly, in our approach.
sensitivity can participate in biological recognition or speci-We indeed write equilibrium equations given the global
ficity. Conversely, we read on the associated curges Fig. stresses and solve them to get the local stresses arising at
11) whether a twist-modifying proteitintercalator, gyrage  each point of the assemblat equilibrium under the given
for instance, may induce a required strain of the SH. global stressgsRelating the stresses at the microscopic and
Comparison with experimental results give clues abougt the fiber levels follows from the basic principles of clas-
the much debated chromatin struct{igg]. It brings about a sical mechanics; this method appears to be, at the same time,
quite different structure: a columnar packing of nucleo-more simple and more easily generalized. It is in fact the
somes. We suggest that a possible role of linker histonenly way to bridge the linker elasticity to the SH elasticity in
might be to select the proper structure, at low-salt concentraany geometry. Moreover, it extends to more complex situa-
tion, by tuning the linker length so as to halwgp/ngp equal tions as intercalated linker DNA or more generally, situa-
to some integer. Also, a tuning afn,,=1 or 2 bp might be  tions where forces and torques are applied at the DNA level.
achieved by enzyme intercalation. When ionic strength in- We thus underline that the proper method to express the
creases, compaction takes place, first due to a decrease in #stic properties of an assembly as a function of the elastic
value of & (which keeps the nucleosome orientations un-properties of the basic elements is to relate the global
changed, along the SH axighen, when nucleosomes hap- stresses, applied to the assembly, and the local stresses ex-
pen to be stacked in columns, the compaction is ensured Qyerienced by the lower scale elements. This relation can be
the mter.actlons. between stacked. nucleo;omes, betwe%ed in both ways, to investigatét) Either small-scale re-
stacked linker hlstone(sounterb.alancmg the I|nI§er DNA re- percussions of a global stress, hence how a global staess
pulsion or between histone tails and nearby linkers or nu-y o applied in micromanipulationsan be used to probe
cleosomes. the fiber at the elementary level2) either large-scale re-
sponse to local stresses, hence how biological factors binding
on the linker DNA could induce major structural and confor-
mational changes in the overall fiber.

B. A general method for studying elasticity of linear
complex fibers

The problem of relating the elastic coefficients of the
chromatin fiber to the geometric and elastic properties of the C. Biological perspectives
underlying “microscopic” structure(assembly of nucleo- _ _ )
somes and linkejss reminiscent of similar works performed ~ OUr study underlines that the mechanical properties of
for DNA by Marko and Siggia[48] and O’Hern and co- special structures, _selec_ted acc_ordmg to the phasing of the
workers[17,22). They described the dsDNA at two levels: as Nucleosomes therein, might be involved as a regulatory fac-
an helical coiling at small scale and as an EWLR at a slightlytor in the chromatin biological function.
larger scale. They derived similar formulas relating the elas- Having modeled the 30-nm fiber as an EWLR, with ex-
tic coefficients C, A, ypna, andgpy,a) to the geometric and  plicit values of the elastic coefficients, a natural extension of
elastic parameters of the underlying helical model. our study is to consider higher levels of organization: a plec-
We point that their computation rests on the relation betonemic coiling, leading to a 60-nm fiber, or an helical coil-
tween the “microscopic” strains and the dsDNA strains, ing, whose elastic properties follow from classical spring
plugged into the equality of the EWLR free energy and themechanics. The question is then to unravel the implications
free energy computed within the microscopic model. Genereof the chromatin structure and its elastic properties on the
ally, numerous sets of microscopic strains achieve the madigher levels of organization. A mechanical approach similar
roscopic strains, but only the set of lowest free energy yieldso that implemented in this paper is essential to bridge
the actual free energy of the EWLR. Relating properly mi-electron-microscopy structural observations evidencing fi-
croscopic and macroscopic strains thus requires minimizingerlike objects at higher leve{§0-nm fiber, “chromonema”
the small-scale free energy, given the macroscopic straingiber of diameter 100—130 nij¥9] and chromosomeand
Performing this minimzation is nothing but writing the con- experimental results on chromosome elasticity obtained by-
ditions for the local equilibrium of the assembly. pulling a single chromosomp41,42. The challenge is to
When the microscopic model is homogeneous, the condiunderstand the mechanics of the chromosome and its involv-
tions for local equilibrium simply expresses in the extensiv-ment in the biological functioning of the chromosome
ity of the strains. The uniformity of the local strain densitiesthroughout the cell cycle.
thus allows to relate them to global strains without an ex- Another direction in which to exploit the results of the
plicit minimization (think of identical springs in serig¢sThis  present paper is to determine the stresses that can be exerted
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at the fiber scale by groove-binding proteins or intercalatorgate the action at the fiber level of small-scale biochemical
when they bind onto linker DNA. For instance, to investigatestressegprotein binding, histone tail acetylatipnthen to
whether a local decondensation of the fiber might be inducedescribe how they can act as mechanical switches and ex-
by intercalating enzymes and controlled by linker lengthsploit the tunable elasticity of the fiber into regulatory
More generally, our approach is a privileged tool to investi-schemes.
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