PHYSICAL REVIEW E 70, 011915(2004

Nucleosome interactions in chromatin: Fiber stiffening and hairpin formation
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We use Monte Carlo simulations to study attractive and excluded volume interactions between nucleosome
core particles in 30-nm chromatin fibers. The nucleosomes are treated as disklike objects having an excluded
volume and short-range attraction modeled by a variant of the Gay-Berne potential. The nucleosomes are
connected via bendable and twistable linker DNA in the crossed linker fashion. We investigate the influence of
the nucleosomal excluded volume on the stiffness of the fiber. For parameter values that correspond to chicken
erythrocyte chromatin, we find that the persistence length is governed to a large extent by that excluded volume
whereas the soft linker backbone elasticity plays only a minor role. We further find that internucleosomal
attraction can induce the formation of hairpin configurations. Tension-induced opening of such configurations
into straight fibers manifests itself in a quasiplateau in the force-extension curve that resembles results from
recent micromanipulation experiments. Such hairpins may play a role in the formation of higher-order struc-
tures in chromosomes like chromonema fibers.
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I. INTRODUCTION neighboring nucleosomes. In contrast the linker DNA in

. . . .. crossed-linker models remains straight and connects nucleo-
DNA of all eucaryotic organisms is wrapped around mil- somes that sit on opposite sides of the fiber.

lions of cylindrical protein spools, so-called histone octam-  chromatin fibers have been studied for various salt con-
ers. Each complex has a radius of 5 nm and a height of 6 Nnientrations using electron cryo-microscop4,14), atomic
and—together with the stretch of linker DNA connecting to force microscopy{15,16, neutron scattering, and scanning
the next such spool—is called nucleosome, the basic unit afansmission electron microscopyl7]. Structural param-
the chromatin complexl]. In a next step of DNA compac- eters, such as the mass dengitymber of nucleosomes per
tion, the string of nucleosomes organizes itself into the chrod1 nm) and the linker entry-exit angle, are measured to char-
matin fiber. For low-salt concentrations a “beads-on-a-string’acterize the state of compaction. For low-salt concentrations
structure is observed, sometimes referred to as the 10-nall these studies support the picture of an open zig-zag-like
fiber [2]. For higher salt concentratioris>40 mM) the fiber  fiber structure. Similarly the force-extension curves of single
appears to thicken into a condensed structure with a diametéhromatin fibers measured under these conditja8§ (for a

of roughly 30 nm[3]. The degree of compaction also de- 'ecent review see Ref19]) are in good agreement with the
pends strongly on the presence of linker histones. They caudgsults from computer simulation20] and analytical ap-
the in- and outcoming DNA to form a short stemlike struc- Proaches13,21,22 based on crossed-linker geometries of

ture[4]. In the absence of linker histones the entry-exit ang|etheTfti1ber(for a re_celnt rev:ew see Eqi‘.??l’])' cal sal
of the in- and outcoming DNA is larger, leading to more . e situation Is less clear at physiological salt concentra-
open structures. tions. The internal structure of the dense 30-nm fiber could

While the structure of the nucleosome core parti¢he not yet be resolved despite enormous experimental efforts,

) . . especially x-ray diffraction studiggf., Ref.[24] for a criti-
protein SpO.OI.W'th the two turns of_wra_pped D.NA; known cal discussion The interpretation of related studies on di-
up to atomistic resolutiof], there is still considerable con-

: and trinucleosomes is also still controversj8l14,25,26.
troversy about the details of the structure of the 30-nm chrog, . a5 is known about how chromatin folidsl into ch?omo-
matin fiber [1,6—9. There are essentially two competing

; . - somes on larger scales. Theories for the elastic properties of
class_es of modelsi) the solenmd model2,10,1] and(ii) the DNA-linker backbone predict rather flexible fibers with
the zig-zag- or crossed-linker modgk,12,13. In the sole-

; : ersistence lengths on the order of 10—20 (mempared to
noid models one assumes that the successive nucleoso

N . nm for uncomplexed DNA In contrast, Mlnkel and
form a helix with the normal vectors of the protein spools Langowski[27] and Wedemann and Langowslas] have
gthe axis of Fhe superhelical wrapping path of the ) D.E'. resented convincing evidence from experiments and simu-
ing perpendicular to the solenoidal axis. The entry-exit side

. . _Tations for rather large persistence length on the order of
of _the nucleoso_mal DNA face inward tqward the solen0|dal300 nm. At the same time, the quasiplateau at 5 pN that Cui
axis, and the linker DNA must bend in order to connect

and Bustamante observed in their stretching experiments at
physiological salt concentrations points to rather delicate fea-
tures in the fiber structurdor comparison, the B-S transition

*Electronic address: mergell@mpip-mainz.mpg.de in DNA is observed at a critical force of 65 p9]).
"Electronic address: everaers@mpipks-dresden.mpg.de In the present paper we use computer simulations to study
*Electronic address: heli@mpip-mainz.mpg.de the consequence of internucleosome attractive and excluded
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neric nucleosome interaction potential to a model that ne-
glects the tails, but accounts in detail for the surface charges
on the nucleosome cof8&8]. Similarly, little is known about
the stem structurésee the cryomicrographs in Réd]), and
for simplicity we have assumed that the short axis of the
nucleosomal disk(the axis of the superhelical wrapping
path is oriented perpendicular to the plane defined by the in-
and outgoing DNA linker.

The paper is organized as follows. Section Il introduces
our chromatin model and the methods used. We present our

0 20 4 &0 80 100 120 140 160 150 results for the mechapical fiber properties in S_ec_. [ll. Section
0 IV provides a discussions of the observed hairpin structures
and possible biological implications of our findings. Finally,

FIG. 1. Lhs: Portion of the model fiber including three nucleo- ; e
we give a conclusion in Sec. V.

somegrepresented in this figure as gregyriindersinstead of ellip-
soids to facilitate the identification of the nucleosome orientation
connected via stemsed) to the DNA linkers(blue). Also indicated
are the two underlying angles: the deflection angjlend the rota-
tional angle¢. Rhs: Examples of two-angle fibers with the arrows
denoting their position in théd, ¢)-plane.

II. MODEL AND METHODS
A. Definition of the chromatin model

Our chromatin fiber model is depicted on the Ihs of Fig. 1.
We model the protein spools as ellipsoidal disks with a di-
volume interactions in dense crossed-linker fibers. Our chroameter of 10 nm and a height of 6 nm corresponding to the
matin fiber model is depicted on the left-hand sithes) of ~ experimental valueg5,39. We assume that the in- and out-
Fig. 1. We model the protein spools as ellipsoidal disks andoming DNA are glued together in rigid stemlike structures
assume that linker histones induce the in- and outcominghat mimic the nucleosomal structures observed in the elec-
DNA to form stemlike structuref4]. Our opening and rota- tron cryomicrographs in the presence of linker histojs
tion anglesm—# and ¢ are compatible with experimentally The stem portion is assumed to end 7 nm from the center of
observed values for the 30 nm fibef4,30 (see the fiber the corresponding protein spool. From this point on the en-
“10” on the right-hand sidgrhs) of Fig. 1). As a conse- tering and exiting linker DNA portions of lengtB connect
quence, thelocal fiber geometry remains basically un- to the next nucleosomes.
changed when we vary the strength of the attractive interac- The presence of a stem has to be taken into account when
tion. Local condensation-decondensation transitions irPne calculates the length of the free linker DNA from the
chromatin fiberg13,23 will be investigated in a forthcom- nucleosomal DNA repeat length, a number that varies not
ing study[31]. only from organism to organism, but even from tissue to

With respect to the degree of coarse-graining of the nutissue of the same organisfti]. It is known that 147 base
cleosome structure our model is comparable to the one enpairs(bp) are closely associated with the protein spool wrap-
ployed by Katritch, Bustamante, and OlIsf0]. The main  ping the histone core in 1.65 turf§]. We assume here that
difference is their use of quenched, randomly distributecthe presence of the linker histone forces the DNA to wrap
¢-angles along the chain. Since we are interested in rathéwo full turns corresponding to 177 bp. Together with the 2
generic features of the dense 30-nm fiber with a narrow dis=nm stem, this makes 189 bp that are associated with the
tribution of linker lengthgand hence twist anglg$30], we  core and linker histones. For instance, in the case of chicken
focus on the ideal case of a constgrtingle for all linkers. ~ erythrocyte chromatin the nucleosomal repeat length
Furthermore, we follow Wedemann and Langowfk8] in amounts to about 210 HA] so that there are roughly 21 bp,
modeling the nucleosomes as ellipsoi@ss opposed to i.e.,B=7.14 nm, of free linker DNA. In the following simu-
spheres as in Ref20]) interacting via a Gay-Berné¢GB) lation runs, we will always use this value f8t
potential. However, we have not included Debye-Hiickel in- There are two angles that determine the fiber geometry:
teractions between different parts of the linker DNi2g],  the deflection anglé and the rotational anglé. The former
since the Debye-Hiickel screening length is smaller than thangle characterizes the entry-exit angte 6 of the linker
diameter of the DNA double helix at physiological salt con- DNA at the stem and the latter angle describes the rotational
centrations. As a consequence, intra- and inter-linker electrcsetting of the nucleosomal disks with respect to the DNA.
static interactions can be accounted for by renormalizedome example configurations are depicted on the rhs of Fig.
bending rigiditieg32] and opening angles— 0 [33], respec- 1 with the arrows pointing to their location in the
tively. (0, ¢)-space. Note that some configurations are forbidden be-

Problematic for all attempts to model chromatin are thecause they would lead to overlapping nucleosomes; a sys-
soft parts of the nucleosome. The charges on the linker higematic investigation of the boundary between allowed and
tones H1/H5 and the histone tails are under biochemical corforbidden structures will be provided in a forthcoming study
trol, allowing the cell to regulate the stem formation and the[31].
attractive interactions between nucleosonfigs4]. While In the present study we use a canonical value 6of
simulations investigating this “tail-bridging” effed85,3q  =145° which has been estimated experiment{ly at 80
between nucleosomes are on the Way], we prefer a ge- -mM salt concentration. Having fixell and 6 we have cho-
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sen values ofp that lead to a reasonable nucleosome lineEq. (14) in Ref. [42] is given by a modified Lennard-Jones
density. Based on EQq(78) in Ref. [23], we expect potential
6.5 nucleosomes per 11 nm for =100° and [ h o \12 h \6
6.1 nucleosomes per 11 nm f@=110° compared to experi- U, =4egp ( ) - ( ) }
mental estimates of 6—7 nucleosomes per 11[#h7]. hiz+h hyo+h

The only nonrigid elements in our model are the linker ) ) ! ,
DNA portions. We discretize the linkers into four segments| "€ orientation-dependent parts are defined in E2{3-25)
in order to allow for the bending and torsional deformations." Ref- [42]. This parametrization of the GB potential leads
To each segment we attach a local set of basis vectors

to a preferred lateral spacing of about 7.0 nm and a vertical
{t;,n;,b;} wheret; denotes the tangent vector, the normal,

spacing of about 11.0 nm of the disks. The values are in
andb; the binormal vector. The elastic energy of the IinkersgOOd agreement with experimental results for columnar
is then described by

phases of nucleosome core partic[88)]. In this paper we
Ha T 4(N-1)+2 TT 4(N-1)+2 chargcte};izehthed strtra]ng;h hof the nu_cleosolrlnfe-nucleoson:lelat—
e _p - 2, Tw . _ )2 traction by the depth of the attractive well for two paralle
keT 2b .;1 (B~ e 2b % (7= (D disks e=1.41eg5 instead of the prefactosgg in Eq. (6).
wherel, andly,, are the DNA bending and twist persistence
lengths, respectively is the number of nucleosomes in our
fiber, andb denotes the segment lengthe., B=4b). g,
=arcco$t;-t;,;) refers to the bending angle between two We use a Monte-Carlo scheme to simulate the chromatin
neighboring segments, ang denotes the twist angle. The fiber, which relies on the following three moves$) a local
spontaneous bending anglg, is equal tod for those seg- move where one randomly chooses a nucleosome that is ro-
ment pairs, which are connected to a stem and is zero othetated around an axis determined by two points on the in- and
wise. 75,= ¢/ 3 everywhergexcept at the kink where,,=0)  out-coming linker DNA by a small random angl@, a non-
enforces the right-handed helicity of the DNA, which in turn local pivot move where a random segment point is chosen at
gives rise for the fiber twist anglé. which the shorter part of the chain is rotated around a ran-
The position and orientation of the nucleosomes is calcudom axis by a random angle, a(id) a nonlocal crankshaft
lated from the linker positions with the help of a set of threemove where two random points along the DNA segments
orthonormal basis vectof3;,N;,B;}. N; is the normal vector ~define the axis of rotation around which the inner part of the
perpendicular to the disk plane that we assume to be giveghain is rotated. The moves are accepted or rejected accord-
by ing to the Metropolis schem@!3].
P X Fieg We simulated either fibers witN=50 (simulations with
N; = m ) applied stretching forgeor N=100 nucleosomes correspond-
P i ing to 10 and 20 kbp of DNA, respectively. The number of
Here the sefr;} denotes the vectors that connect the stems ofucleosomes in pulling experiments by Cui and Bustamante
neighboring nucleosomésee Fig. 1 B; points from the tip  [18] is on the same orddr=300 nucleosomgsEach simu-
of the stem toward the center of the nucleosomal disk, i.e.,lation run consists of 200 000 MC sweeps, where one sweep
_ ri =i 3 corresponds tdNpy, trials With Npna being the number of
i~ DNA segments. The amplitudes are chosen such that the ac-

(6)

B. Methods

%
%

13
v

=
-

Fi—Fieq|
i~ il ceptance rate equals approximately 50%. Every 20 sweeps
Finally, T; is defined as we save a configuration. As initial conformation we used the
T,=N; X B;. (4) relaxed(T=0) fiber structure. In order to determine the long-

For the interactions of the nucleosome core particles W‘%isr;é??gﬁgg;igﬂﬁﬁggogfs L??hzy::gp’ Wn?ag;e;esﬁéﬁd é?fj_
use the same variant of the GB potential for ellipsoids of gy, Y,

arbitrary shapg40,4] as in a recent study of a stacked- to-end distance, and twist. We typically find thag,,~100

ellipsoid model of DNA[42]. Here we set the structure ma- {\iﬂoisszvaenegzﬁ?eo;e, Ir;c;\;v"ekvee;,r;haitnStrc;)fnt%ea;}gz(;tli\r/]elolr;:rgﬁz
trix {Eq. (15) in Ref.[42]} equal to 9 ppIng

ergy minima. As a consequence, only a limited range of at-

h2 0 O tractive well depths can be studied meaningfully in
_ simulations. In the present case, the simulation runsefor
S=| 0 d2 0 |, B . )
=4ksT were clearly nonergodic for low-stretching forces. In
0 0 d2 this case we averaged the results over 10 independent simu-

whered=1.67 is the diameter of the nucleosome core par-12tion runs.

ticle with a canonical value for the core particle height of The calculation of the elastic constants of the simulated

h=6 nm[5]. The effective distance of closest approdgh  [1P€r i performed as follows. First, we determine the fiber
between two ellipsoids is calculated using EGS)—(19) in  axis by calculating the centers of mags (1/Ny) i5* R; of
Ref. [42]. In cases where we study purely repulsive hard-groups of N. neighboring nucleosomes\; is chosen to
core interactions, we reject all Monte Carlo moves leading tanatch approximately one or two helical turns. Then we cal-
valuesh,,<0. In cases where we study attractive interac-culate the autocorrelation functidty-t;) of the tangent vec-
tions, the distance-dependent part of the interaction potentiabrs of the fiber axis
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FIG. 2. Effect of the excluded volume interaction on the bending persistence length of the fiber for two deflectiory amigheg
=100° andB=7.14 nm. For a given linker lengt, the fiber persistence length[nm] grows with increasing disk size. For very small disk
sizes, the measured persistence lengths converge to the analytical resy@y)Eaf. Ref. [23]. On the rhs we show some snapshots of
simulated fibers with varying disk sizes fé=145° (top row) and #=90° (bottom row).

i1~ G; a 17-fold and threefold increase, respectively, of the fiber
= —|6 | (7) stiffness relative to the theoretical prediction. The different
i+1

degrees of stiffnes@nd stiffening directly reflect the differ-
ent nucleosome densities in the two cases: in the
li—jlb 0=145°-fiber the nucleospme; are always quite close to each
(titj) = ex;{— —> (8)  other whereas th€=90°-fiber is still much more open.
Iy We also performed simulations of stretched fibers with
: - ; 0=145° and¢$=110°. The resulting force-elongation curves
The stretching moduluksTy Cin be estimated via (red symbols in Fig. Band histograms of the end-to-end
y= KON (9) distance distributiorgred symbols in Fig. #¥show the typical
(AL)? behavior of extensible wormlike chains. The entropic small

. L . I force regime is strongly suppressed, since th® contour
with AL=L—(L) being the mean deviation from the aVeragelength, L=85 nm, of fibers containing 50 nucleosomes is

contour length of the fibedefined as the length of the fiber \,,ch smaller than their persistence lengthl g£220 nm.
axis L=2{1" |€i1,~Ci). It should be noted that depending The effective stretching modulug=8 nnT™ at finite exten-
onN,, the estimated values of the contour length, persistencgions is smaller than the value= 14 nni* deduced from the
length, and stretching modulus vary. In the casélpbeing  analysis of the length fluctuatiofsee Eq.(9)] and larger

too large, the stretching modulus is underestimated becausgan the theoretical predictiop=3 nni%, which is based on
bending fluctuations withim andi+N; are averaged out so the linker mechanics alone.

that the contour length of the fiber appears to be smaller. On For our study of the effect of attractive interactions be-
the other hand, values ™., which are too small lead to a tween core particles we focused on linker backbone geom-
helicoidal fiber axis, and the contour length of the fiber isetries, which by themselves already lead to relatively dense
overestimated. This entails a systematic error that must b#bers (6=145° and$=110°. As a consequence, the local
minimized. We found that values &f; corresponding to one fiber geometry remains basically unchanged when we vary

-4
and extract the persistence length of the fibefrom an
exponential fit

or two helical turns lead to reasonable estimates. the strength of the attractive interaction fram O (the case
of purely repulsive interactions discussed abhdees=4. For
IIl. RESULTS example, the observed attraction induced reductions in the

fiber contour lengths are only on the order of 10%.

In order to quantify the influence of the nucleosome ex- Weak attraction up t@=2kgT (green symbols in Figs. 3
cluded volume on the fiber stiffness, we performed a serieand 4 has only a small effect on the observed fiber proper-
of simulations with purely repulsive interactions between theties. While the contour length decreases to atiou80 nm,
nucleosome core particles, constant linker geometry, anthere is a corresponding small increase in both the fiber stiff-
variable core particle size. The |hs of Fig. 2 shows our resultsiess and its stretching modulus, yielding an overall small
for the persistence length for two fiber geometries; the corincrease in the end-to-end distance. The situation changes
responding snapshots in the rhs of the figure illustrate thelramatically for larger values of the attractive well depth. In
observed fiber stiffening with increasing core particle size. the absence of external forces fibers wih3kgT and, in

To be more specific, we studied two different sets ofparticular, with e=4ksT (blue/magenta symbols in Figs. 3
angles, namelyy=145° and¢$=100° as well a®¥¥=90° and and 4 have considerably smaller and more broadly distrib-
¢=100°. In both cases, startinglat0 (i.e., no nucleosomes uted end-to-end distancé&. For small forces the=4kgT
present we observe the theoretically expected values for thdiber shows a quasiplateau in the force-extension curve.

persistence length of the linker backbojtey. (97) in Ref. The origin of this peculiar behavior can be identified by
[23]], namelyl,=14 nm andl,=34 nm, respectively. We inspecting snapshots of the=4kgT fiber (Fig. 3): At f
verified this formula also for many other values®tnd¢ =0 pN the fiber forms a hairpin structure where the end nu-

(data not shown However, with increasing the value ofi,  cleosomesgin red) are located at the same end of the struc-
increases and reaches values of 240 nm and 90 nm, respeare. The hairpin persists dt=0.5 pN, but opens up into a
tively, at the canonical value ¢f=6 nm. This corresponds to straight configuration arouné=2 pN. For larger forces all
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FIG. 3. Force-extension curves for fibers with=145°, ¢ 0O 20 40 60 80 100 120
=110°, andB=7.14 nm. The curves correspond to fibers with dif- Rg [nm]
ferent nucleosomal attraction, namedy0 (pure hardcorgand e
=2, 3, &gT. At e=4KkgT occurs a force plateau aroungl2 Snap- 0.08 - - -
shots of fibers withh=145°, $=110°, andB=7.14 nm at different 0.07 | =3.5pN,e=0 —8—
stretching forces foe=4kgT. To facilitate the detection of hairpins, 0.06 ‘;3;;;1 .
one half of the chain is shown in green while the other half IS shown 005 | f=3.5pN, =4 —o—
in cyan. The end nucleosomes are labeled red. The fiber at Eu 004 |
=0 pN shows a kink close to the center of the chain. Upfto =
=2 pN the kink is still present, but the ends get pulled out. for 0.03 |
=15 pN the fiber is stretched and nucleosomal contacts are broken. 0.02 r
0.01
. - () & e LN
(S)grsneervvev(li_ gobrgﬁasilgrngatlon curves show qualitatively the 6 00 46 @ 0 1o 176
' R [nm]
FIG. 4. Probability density of the end-to-end distarigeof a
I\V. DISCUSSION fiber with #=145°,¢=110°, andB=7.14 nm for various GB energy

] _well depthse and stretching forcebas specified in the legends. See
Our results show that the properties of dense chromatifext for details.

fibers are dominated by the interactions between the nucleo-

some core particles, while the mechanical properties of théations is that attractive interactions of a féT per nucleo-
linker backbone play a less important role. The dominansome pair are sufficient to bend fibers with a contour length
effect of excluded volume interactions is to stiffen the fiber.of about 1/3 of the persistence length into dense hairpin
The persistence lengths of the order of 200—250 nm obeonfigurations. Judging from Fig. 5 in Ref20], hairpins
served in the present study are in good agreement with thalso occurred in the simulations by Katritch, Bustamante,
values obtained by Minkel and LangowgRki7] and Wede- and Olson—even though the authors did not discuss this is-
mann and LangowsKR8]. The surprising result of our simu- sue in their paper. Since the observed force-elongation
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curves show qualitatively similar features in all three cases, itontact(center-to-center distance smaller thand&%5 nm

is tempting to speculate that similar effects also occurred ine hasM(C'éLtacfl, otherwise/\/t(c'é)macf 0. By taking the av-

the stretching experiment by Cui and Bustamdaf. Inthe  erage of the matrix elements for many configurations of a
following, we will discuss the condensation of semiflexible given simulation run, we obtain 2D histograms as is shown
filaments, the local structure of the hairpins observed in ouin Fig. 5. For large forces no kinks are present and the nu-
simulations, the signature of hairpin opening in stretchingcleosomes of the fiber form a quite regular crossed-linker
experiments, and possible implications of our observationstructure. We find two pronounced diagonals at the positions
for the folding of chromatin into chromosomes. i=j£2 that correspond to “short-ranged” excluded volume
interaction. Less-pronounced side stripes parallel to the main
diagonal are also observed and describe interactions between
nucleosomes of neighboring turns, especially=jt+5 and

The condensation of semiflexible filaments due to shortatj=j+7. Hairpins manifest themselves by crosslike patterns
range attractive interactions has recently been treated in déy the contact matrices with branches along the secondary
tail by Schnurr, Gittes, and MacKintos4]. They intro-  diagonal. The location of the kink corresponds to the point
duced acondensation length &= \KgTly/ o (0anr attrac-  where the two diagonals cross each other. Closer inspection
tion energy perby balancing expressions for typical bending of the histograms shows that the hairpin arms outside the
and surface energidgTl,/L ~ o, L. Filaments with a con-  kink region are partially interdigitated, but not strongly per-
tour length L/L.<O(10) remain extended, while longer turbed. However, the effect is strong enough to effectively
chains aggregate into structures with a typical size of therevent any possibility of sliding of the two arms with re-
order ofL.. So-called racquet states consist of a straight stergpect to each other on the time scale of our simulations.
where the chain is folded back on itself several times and herefore, a hairpin structure, once formed, can be very
where 180° U-turns are shaped like the head of a tennistable with a frozen in position of the turning point. With
racquet. A racquet state with one turning point resembles ouiespect to the fiber structure at the turning point, Figl) &
hairpin structure. Longer fibers lower their energy by havingparticular shows disruptions of the internal order of the nu-
multiple turning points. For infinitely thin filaments Schnurr, cleosomes: The diagonalsj+2 are broken at that position,
MacKintosh, and Williams were able to show that the kineti-presumably due to broken contacts of nucleosomes located at
cally preferred racquet statg45] have slightly higher ener- the outside of the turning point. This observation supports
gies than toroidal structures. the picture of a localized kink defect.

In the present case, we measured a typical attraction en-
ergy per length ofr,, =~ (3/4)kgT nm* for hairpin confor-
mations of thee=4kgT-fiber in good agreement with an es-
timate of e/h=4kgT/6 nm for the attractive energy per
nucleosome pair of height. Using this estimate and a per-  Toroidal or racquetlike condensates become unstable un-
sistence length,=240 nm, chromatin fibers with weak at- der the influence of a stretching force, if the applied fofce
tractive interactions should start to condense, if they ar@xceeds a value on the order of the attractive energy per unit
longer than abou©(10)L.~ ykgT/e 400 nm. Note that the length oy Neglecting kinetic barriergfor a discussion of
above argument breaks down fer-6kgT, when the pre- DNA unwrapping from nucleosomes or toroidal aggregates
dicted racquet head or torus radii become smaller than theee [46]), the corresponding force plateau in the force-
radius of the 30-nm fiber. extension curves for chromatin fibers should be observed for

Can the structure of the hairpins we observe really bdorces off~ oy~ (2/3)(e/kgT)pN. In order to experimen-
understood in the framework of the WLC model? Or doestally distinguish this scenario from local structural changes
one have to consider the relatively sharp turning points witthat are expected to occur at similar force levis], one
the curvature radii of the order of the fiber radius as localizegshould plot forcerelative extension curves for fibers recon-
kink defects? Following the analysis of Schnurr, Gittes, andstituted under similar conditions on DNA strands of different
MacKintosh[44], the fibers in our simulations are too short length. In the case of local structural changes, the obtained
to fold back on themselves. The WLC estimate of the bendcurves coincide, while for a global decondensation the size
ing energy for a U-turn with radius 15 nm =~ 25KsT, of the unperturbed state is of ordeg independently of the
while the onset of hairpin formation ak=3ksT in fiber length.
80-nm-long fibers suggest that the actual energy penalty for
the kinks is as small ag;,,~9kgT. We note that the com-
bination of finite fiber radii and relatively small kink energies
should stabilize racquet structures relative to toroids. As a final point we discuss possible biological implica-
tions of fiber stiffening and hairpin formation. Both effects
are associated with characteristic length scales; fiber stiffen-
ing with a persistence length on the order of 300 nm, hairpin

The internal structure of hairpin configurations shows upformation with a condensation length on the order of a few
very clearly in the contact matri¥ .on1Of the fiber that we  tens of nm.
depict in Fig. 5. For a given configuration the contact matrix ~We note again that the biochemical control of the effec-
is defined as follows: If a pair of nucleosomieandj is in  tive interaction between nucleosomes is essential for the con-

A. Condensation of semiflexible filaments

C. Large scale versus local decondensation in stretching
experiments

D. Biological implications

B. Hairpin structure
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50 50

40,

30
—
20

g ’ FIG. 5. Contact matrix of the
10 »os ‘ fiber with e=4 kgT, 6=145°, ¢

10 =110°, andB=7.14 nm.(a) At an
external tensiorf=3.5 pN the fi-

10 20 30 40 50 10 20 30 40 50 ber is stretched and there is no
1 1 hairpin. (b)—(d) Without an exter-

nal force,f=0 pN, one can clearly
detect hairpin structures. The
simulation runs(b) and (c) show
the occurrence of two hairpins,
whereas in(d) only one hairpin
can be identified.

densation and decondensation of chromosomes during tHiers in the presence of myeloid and erythroid nuclear ter-
cell cycle[47]. There is indirect experimental evidence for mination stage-specific prote{MENT) [53], a protein that
the formation of chromosomal DNA loops having a size ofjs involved in the formation of dense, transcriptionally inert
about 50 kilobases [48] (corresponding to about sections of chromatin, the so-called heterochromatin.

250 nucleosomegse.g., from the comparison of separation |f, on the other hand, structural reorganization is still pos-
patterns of excised large DNA fragments by pulsed fieldsipie in collapsed fibers, then the size of the aggregates
electrophoresis with the patterns obtained by DNA cleavag@noyid be controlled by the smaller condensation length and
by topoisomerase Il of the nuclear matrix of the ¢éB,50. 5t by the persistence length of the 30-nm fiber. Fibers with
Using a nucleosome density of @4 nm, 250 nucleosomes  jia naters ranging between 60 to 130 nm diameter have in-
correspond to a fiber length of 460 nm, i.e., about twice th&yaed heen observed in mitotic and in G1 chromosomes and
persistence length of 240 nm found in our simulations. are called chromonema fibefis4], cf., also Ref[47]. How-

the loop size; both are based on the observation that the fré%ever’ the folding of 30-nm fibers into superfibers with a di-

energy cost for the formation of a loop is smallest for semi—amEter on the order of the condensation length requires a

flexible chains with a length of about twice the persistencénEChamsm that prevents the formation of globular aggre-

length. For shorter chains the bending energy is high; fodates.

larger chains the entropy of chain conformations counteracts

the loops formation. In the firgtequilibrium) scenario, the

chromatin fiber_ loops around strqngly attracting organizing V. CONCLUSION

centers. Spherical centers could induce the formation of ro-

sette structure$51]. Filamentous organizing centers could _ _ .
lead to structures resembling cartoons of chromosomes often We have used computer simulations of model chromatin
found in biological textbooks, cf., e.g., R¢&2]. The second fibers to investigate the influence of excluded volume and
scenario, which links the persistence length to the loop sizeattractive interactions between the nucleosomes on the large-
is closer to what we observed in our simulations: if the at-scale structure and elasticity of the 30-nm chromatin fiber.
traction between fibers is strong enough to prevent structurgbur results shed lighti) on the discrepancy between the
reorganization after the two halves of the fiber have tightlytheoretically expected and the observed persistence length of
closed the gap between the point of first contact and th@00-300 nm as well agi) on the somewhat counterintuitive
hairpin defect, then loops with the typical size of the fiberobservation that such fibers nevertheless seem to be able to
persistence length are preferred for kinetic reasons. Hairpingurl up into chromonema fibers with diameters of
have indeed been observed in cryo-EM pictures of chromati®0—-130 nm.
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Our results clearly show that the stiffness of dense fiberdlexible filament with the same bending persistence length as
is dominated by excluded volume interactions between nuehromatin. This effect could be important for an understand-
cleosomes. The observed persistence lengths exceed estig of chromatin folding in chromosomes.
mates based on the linker backbone elasticity by one order of
magnitude. With respect to internucleosomal attraction, we
have concentrated on generic, nonlocal aspects of fiber con-
densation. The 2 pN force plateau observed in our simula-
tions reflects a structural featubeyondthe 30-nm fiber: the
opening of a hairpin. Our results suggest that aligfeeti-) We thank K. Kremer, I. M. Kulic, J. Langowski, and J.
parallel fibers are only weakly perturbed, but that the fibetWidom for valuable discussions and M. R. Ejtehadi for pro-
geometry is locally disrupted at the 180° turning point. Theviding parts of the simulation code. B.M. and R.E. gratefully
crucial point is that the energetic cost of this localized defecaicknowledge financial support from an Emmy-Noether grant
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