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ABSTRACT

Precise manipulation of nanometer-sized magnetic particles using magnetic tweezers has yielded insights into the rheology of the cell cytoplasm.

We present first results using this approach to study the nanomechanics of the cell nucleus. Using a custom-designed micro-magnetic-
tweezers instrument, we can achieve sufficiently high magnetic forces enabling the application and measurement of controlled distortion of

the internal nuclear structure on the nanometer scale. We precisely measure the elasticity and viscosity inside the nucleus of living HelLa
cells. The high value of the Young's modulus (Y = 2.5 x 10% Pa) measured relative to the cytoplasm is explained by a large-scale model for
in vivo chromatin structure using a polymer network model.

Proper functioning of biological processes in living cells Magnetic tweezers (MT) have been used to study a variety
strongly depends on specific spatial compartmentalization of biological and mechanical properties of cells. To this end
of molecules in addition to chemical and molecular specific- small magnetic beads are introduced into the cell and the
ity.! Detailed knowledge about spatial organization in cells response of the beads to an external magnetic force is
is therefore crucial to the understanding of the molecular measured. The local mechanical properties of intracellular
processes that govern cell function. A striking example is structures such as the cytoskeleton can be derived from these
the regulation of gene expression. Gene expression isobservations. So far this method has been applied exclusively
modulated at two levels, that of the individual genes, to the cytoplasm of the cell. Applications in the cell nucleus
employing transcription factors, promoters, and enhancers,are limited by the requirement of relatively small beads and
and at the epigenetic level, involving changes in chromatin the corresponding difficulty of exerting commensurately high
structureZ Several studies have shown that chromatin is forces on these beads. We demonstrate in this report that
organized in numerous compact domains separated by DNA-the stiffness of the interior of the nucleus is much larger
poor interchromatin regioris.Transcription takes place than that of the cytoplasm; that is, a much higher force is
predominantly at the periphery of these domdiriEhe required to evoke a measurable displacement of the magnetic
growing awareness of the importance of the physical bead. The results set strict limits on polymer models that
properties of chromatin in understanding genome function are used to describe in vivo chromatin organization. We
has inspired a variety of studies aimed at characterizing thepropose a large-scale model for in vivo chromatin structure
mechanical properties of chromatiiThus far, such studies  that correctly predicts the observed nanomechanical behavior
have been limited to reconstituted single chromatin fibers of in vivo chromatin

and to isolated chromosomes ofilyere we describe and Recently we developed a multipole high force microma-
apply a novel method combining microfabrication technol- pineq MT setup that is capable of exerting forces up to a
ogy, magnetic tweezers, f”md nanom_anlpulatlon th"?‘t ‘_"‘"O,WS 100-fold larger than those compared to previously developed
the study of nar?o.mechanlcal properties of chromatin inside multipole MT setupg. The multipole character of the MT
the nucleus of living cells. allows for multidirectional manipulation of the beads whereas
the high force ¢100 pN) allows for the manipulation of
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Figure 1. (a) Scheme of the micromechanical experiments. Magnetic polas (Gide, 20um separation) generate a force on a paramagnetic
bead positioned in the nucleus of a HelLa cell. Electric coils allow the control of amplitude and direction of the force. Magnetic yoke and
electric coils are not to scale. (b) Light microscopy image showing a detail of the cobalt poles geometry (scale bamn)is 20

modates three electric coils that are used to generate theblebs formation) of the cell and the nucleus were observed,
magnetic flux that is guided to the three magnetic poles. The ensuring that the cells remained vital during the experiments.
coils can be individually addressed to control the amplitude The direction of the magnetic force on the bead was changed
and direction of the magnetic flux gradient, which is stepwise in a clockwise manner around the poles. Thus the
proportional to the exerted force, at the position of the cell. force is first directed toward pole 1 (see Figure 1a), then
The extremities of the three pole tips were positioned on a sequentially toward poles 2 and 3, and finally back toward
circle with a 20um radius leaving a working area of 20 pole 1. This cycle is continuously repeated using a square
20 um?, enabling the positioning of a single cell. A three- alternating current of 33% duty cycle at 0.1 Hz. The square
pole system yields a uniform force field within the central current waveform is used to ensure a stepwise change in
10 x 10um? and allows full two-dimensional manipulation  direction of the magnetic force and facilitates the data
of the bead within the nucleus of the céue to their small analysis. Experiments were performed at two different
dimensions, the poles are fabricated using cleanroom tech-amplitudes of the exerted force (1 10> and 6.5x 10
nology as described elsewhérén brief, cobalt is electro-  pN). Bead displacements were determined by video analysis.
plated onto glass substrates into a predefined pattern defined’he response curves were obtained by averaging nine
by a photoresist layer to yield cobalt poles of well-defined individual traces for a single cell. In total four cells were
shape and thickness-8 um) (Figure 1b). Cobalt was chosen measured out of which three cells showed measurable bead
for its relatively high saturation magnetization of 1.8 T and displacements.
its resistance to aqueous environments. The measured bead positions (Figure 2) describe a
We followed the trajectory of a magnetic bead inside the triangular path (a single triangular path is shown) that
cell nucleus in response to well-defined magnetic forces remained constant over the time period of the experiment
exerted in specified directions. The apparatus was used to(~2 min). Upon change in the direction of the force, the
exert directional forces toward a given pole on submicrome- bead initially shows a fast displacement in the direction of
ter-sized magnetic beads that were microinjected into the the applied force to a point where it seems to settle until the
nucleus of a Hela cell. HeLa cells expressing green direction of the force is again changed. This behavior results
fluorescent protein (GFP)-tagged histone H2B, uniformly in the three “clouds” of data points as visible in Figure 2
labeling all the chromatin, were deposited on a glass coverand is indicative of predominantly elastic rather than viscous
slip and left fo 2 h toattach and spread. A single MyOne behavior. The observed spread in bead positions within a
magnetic bead (Dynal Biotech, Oslo, Norway) (Qn single “cloud” is solely determined by experimental errors
radius) was aspirated onto a micropipet TIPO4TW1F, 0.4 mainly originating from the video analysis algorithm, a
um i.d. (World Precision Instruments Inc., Sarasota, FL) finding confirmed by measurements on beads that were fixed
connected to a FemtoJet microinjector (Eppendorf AG, on glass slides. The amplitude of the movement was
Hamburg, Germany). The bead was then positioned insideproportional to the strength of the exerted force, indicating
the nucleus of the cell using a micromanipulator. Subse- that the response of the bead is governed by (visco-)elastic
quently the air pressure inside the pipet was increased tobehavior. The measured response curves were curve fitted
release the bead. Microinjection and nanomanipulation wereusing an analytical model describing the bead motions in a
performed under continuous observation using a white light rheological environment called a VoigMaxwell body
microscope. No morphological changes (e.g., swelling or (Figure 3, inset), which consists of a series system of a
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= 1.2 x 10 Pas; 7, = 7.0 Pas,u = 8.5 x 10" Pa, andY

= 2.5 x 1®* Pa, where the parametetsyo, 1, #, 7o, and

7, are as defined as above. Fitting errors wetH%. The
data showed some anisotropic viscoelastic behavior. However
the values of the Young's modulus derived from displace-
ments along the different legs of the triangular path varied
only ~50%, which does not seriously affect the quantitative
modeling of the data. Measurements on the different cells
were all within the 50% error margin.

Using a simple polymer model for the chromatin fiber in
the nucleus, the data obtained yield parameters concurrent
with the current view on interphase chromatin. The general
view of chromatin structure in interphase nuclei is one in
¢ which the 10 nm nucleosomal chain is folded into a helical
T o 02 structure called the 30 nm fiber which in turn is organized
' ' ' ' in a so far unknown higher order structdféWVe treat the
30 nm fiber as a flexible polymer. First we model this
Figure 2. Measured trajectory of a magnetic bead inside the Polymer as a confined Gaussian chain, which has been used
nucleus of a living HeLa cell induced by a magnetic force of 110 previously to successfully explain the dependence of the
pN alternating clockwise between three different directions indicated average geometric distance between two marked chromo-
by the arrows. A single triangular path is shown. The inset sgome locations on their genomic separafidm this model

represents a confocal section through the nucleus of the HeLa cell - . . .
showing the distribution of GFP-tagged histone H2B. The nucleus chromatin is described as a chainfosegments with length

contains a single microinjected bead indicated by the arrow. Scale?: Whereb is the Kuhn segment length, which can be

y-position (um)

x-position (um)

bar is 10um. approximated by the persistence lengthof the polymer.
. . . For the 30 nm fiberL, ~ 30 nm® In the nucleus each
1120 chromosome occupies an exclusive territory not intruded by
15001 d chromatin from other chromosomeslf a territory is
% o0 6o ogod.g‘.as' 100 described as a box with dimensions of lengtand volume
< ) "02 [ . ° V, the pressureP exerted by the bead on the surface
E — qs' . 190 g orthogonal to length. is given byP = (7%/3)(%/L?)(NKT/
g : : % V).* Assuming that a bead displaceméntinduces an equal
& (] 7 190 & change inL, the corresponding spring constantor small
2 P ) 3 displacementax is given byk ~ (PV)/(LAX) = 2.5 x 1077
g S0t : g—ﬂ—mo 1° & Pam (withN= 3.6 x 10% V= 11um? L =2.2um; Ax =
2 i = 150 nm). This value is much lower than the experimentally
E I' To % 12 observed value (8.& 104 Pam). Clearly this model fails
2 ol 4 to explain the observed mechanical properties of chromatin.
_0_0 5E = 1‘_50 An alternative approach is to model chromatin structure

" time (s) as a cross-linked polymer network. It makes no difference
whether the cross-links are between different polymer
Figure 3. Measured response function, normalized by force (left molecules or between different sites on a single long polymer

a.XiSi)' ;)f adbeﬁg inNth(e nUC'QUSi af)tif app|icaﬁ0’(1 0}‘_5’5 Ph‘ (50_”? molecule. Increasing the cross-linker densityesults in a
circles) an pN (open circles) force steps (solid, right axis). .. LV — _ 23 ;

The dashed line is a curve fit using a viscoelastic model, stiffer netw,ork' Y = 6nkeT WherekB =1.3 > 10% JKis
characterized by damping coefficients andy, and by a spring Boltzmann’s constant and is the absolute temperatute.

constantk, as shown in the inset. On average, the distance between cross-linkaritten as

&% = 1/n) can never exceed the length of the fiber between
. . . . two cross-links, therefore limiting, and depends on the total
V|sco_el_ast|c body @ da_shpot c.harac.tenzeq by damping volume of the nucleu¥ and the total length of the fiber:
coefﬁmentyl in parallel W'th_ aspring W'th, spring gopstant n < (L/2V)*2. The distance between cross-links is calculated
K) YVIth a dashpot characterlzgd by damplng cogﬁlcmﬁ (UsingV = 315m® L = 5.5 x 102 m) as& = 1.1 x 10?
Using these parameters the viscoelastic properties of the cellnm and the corresponding length of the fiber between two
nucleus can be extracted. The viscosifg related by Stokes’  ¢ogs-jinks is calculated to be much (three times) larger than
law: 7 = yl6xr, wherer is the bead radius. The elasticity he persistence length of the 30 nm fiber justifying the use
of the medium is characterized by the Young's modiius  of the polymer network model chosen here and the corre-
expressed a¥ = 3u, whereu is the shear modulésand  sponding expression for the Young’s modulus. If we assume
relates to the measured spring constant ask/6sr.* From that the chromatin fiber is evenly distributed and fills the
the curve fit (Figure 3) we findk = 8.0 x 107 Pam; yo whole volume of the nucleus, we find a maximum value of
=1.2x 10?2 Pas'm; y; = 7.0 x 1075 Pas'm, yielding#o the Young’s modulusy < 0.2 x 1(? Pa, which is in better
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agreement with the experimental results than the confined predicts both a high cross-linker density and agrees with an
Gaussian chain model. Note however that the calculatedorganization of chromatin fibers in compact chromosome
value is still smaller than the experimentally observed value territories.

which may be explained by realizing that chromatin is  We believe that the method developed in this paper has
organized in individual chromosomes that are spatially numerous applications beyond the study of chromatin
confined to specific territories, leaving a considerable inter- organization. Another interesting application would be to use
chromosomal space containing little or no chromafirhis this method to measure forces involved in chromosome
spatial organization can be taken into account by defining a rearrangements during cell division. An unexplored but
volume fraction® as the part of the nucleus that is taken up fascinating and challenging possibility is to use functionalized
by the sum of all chromosome territories, wh&eranges magnetic beads to locally introduce chemical modification
from O to 1, and® = 1 represents the situation in which of chromatin which may even include localized gene
chromatin occupies the total nuclear volume. Consequently, delivery.

the value of the Young’'s modulusg of these chromosome
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