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Abstract

Magnetic tweezers are widely used for manipulating small magnetic beads inside the cell cytoplasm in order to
gain insight into the structural and mechanical properties of the cytoskeleton. Here we discuss the use of
magnetic tweezers for the study of nuclear architecture and the mechanical properties of chromatin in living
cells. A custom-built, dedicated micro magnetic tweezer set-up is described. We review progress that has been
made in applying this technology for the study of chromatin structure and discuss its prospects for the in situ

analysis of nuclear architecture and chromatin function.

Abbreviations

AFM  atomic force microscopy

2D two-dimensional

3D three-dimensional

GFP  green fluorescent protein
MT magnetic tweezers

nN nanonewton (10~° N)
oT optical tweezers

pN piconewton (10™'% N)
PTM  particle tracking microrheology
VSM  vibrating sample magnetometer

Introduction

Understanding of the importance of nuclear architec-
ture and its relation to the physical properties of
chromatin has been the stimulus for many experi-
ments aimed at the characterization of the mechan-
ical properties of chromatin structure. Several
techniques are applied to study the mechanical
properties of chromatin. Optical tweezer studies on
reconstituted single chromatin fibers have shed light

on the forces that are required to probe the 30 nm
fiber structure and the bead-on-a-string 10 nm fiber
of chromatin (Cui & Bustamante 2000, Bennink
et al. 2001). The mechanical properties of chromatin
on a higher structural level, that of metaphase
chromosomes, were studied using micropipettes that
act as force probes (Marko & Poirier 2003). This
method, however, is limited to isolated chromo-
somes. More recent studies have been done on
nuclear structure in living cells. For example, light
microscopy has been used to measure diffusion of
small solutes and proteins (Phair & Mistelli 2000).
Particle tracking microrheology (Tseng et al. 2004)
and magnetic tweezers (MT) (de Vries et al. 2007)
were successfully applied to the nucleus of a living
cell. Isolated individual nuclei have been studied
using micropipette aspiration (Lammerding et al.
2007), microplate manipulation (Thoumine & Ott
1997), and atomic force microscopy (Dahl et al.
2005), among other approaches.

These methods have been developed to study the
physical properties of chromatin. However, no
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experiments have been aimed at the active manipu-
lation of chromatin structure and, in this way, at the
analysis of the relevance of chromatin structure for
genome function, e.g. gene expression. Techniques
such as atomic force microscopy, optical tweezers
and magnetic tweezers, which exploit the unique
capabilities provided by nano- and micro-technolo-
gies and advanced optics, are good candidates for
manipulation of chromatin structure in living cells.
We have focused on the development of a magnetic
tweezer method especially for this purpose.

In this paper we review different methods for
intracellular manipulation, discuss their applicability
for studying nuclear structure, give a detailed
description of the development of a dedicated
magnetic tweezers, describe magnetic tweezer
experiments on nuclear structure, and finally discuss
future application of this method for the study of
chromatin structure—function relationships.

Intracellular manipulation

In this section we review the most important
techniques for intracellular manipulation and discuss
the applicability for intracellular chromatin manipu-
lation. There are basically two ways to manipulate
structures inside a cell. The first method relies on the
introduction into cells of chemical compounds that
modify cellular structures (e.g. cytochalasin D, which
inhibits actin polymerization). Here, we limit our-
selves to the second method: mechanical manipula-
tion. In this method, a force is exerted on an
intracellular structure, or on a part thereof, to either

(a) OT

(b) MT
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deform it and/or reposition it within the cell. The
three most viable techniques for mechanical manip-
ulation are optical tweezers, atomic force microscopy
(or micropipettes) and magnetic tweezers, and these
are depicted schematically in Figure 1.

Optical tweezers (OT) use a strongly focused laser
beam to allow 3D positioning of microparticles by
application of radiation force. Usually, the micro-
particles (e.g. polystyrene beads) are connected to the
intracellular structure of interest. One example is the
manipulation in the cell of phagocytosed polystyrene
beads (Caspi et al. 2002). Alternatively, organelles
can be manipulated directly by OT, without the
introduction of microparticles (Shelby et al. 2005).
This mode of operation makes OT a truly non-invasive
technique, but is also one of the main drawbacks
of OT for intracellular manipulation. All optically
dense structures in the cell in close vicinity of the
focus of the optical trap will be pulled towards it
thus making the OT not very specific. The forces
that can be applied are rather low (1-10 pN) unless
very high laser powers are used, but this increases
the risk of laser-induced cell damage. Recent develop-
ments have shown that this photodamage can be
minimized by using specially shaped OTs (Jeffries
et al. 2007).

Magnetic tweezers (MT) were first applied to cells
for the measurement of elasticity of the cytoplasm
and its viscosity (Crick & Hughes 1950, Bausch et al.
1999). Magnetic beads are introduced into the cell
and an externally generated magnetic field gradient
exerts a magnetic force on the bead. Because cells do
not normally contain magnetic structures, the force is
very specifically applied to the internalized magnetic

(c) AFM
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Figure 1. Experimental schemes for mechanical manipulation of chromosomes in live cells. External forces can be applied on the internal
nuclear structures either directly or by means of microinjected beads. This could in principle be used to rearrange chromatin distribution in
the nucleus of living cells. The three main methods for applying the external force are (a) optical tweezers (OT) that use a highly focused
laser beam to exert forces on a microinjected polystyrene bead, (b) magnetic tweezers (MT) that are used to exert a magnetic force on a
magnetic bead, and (c¢) atomic force microscopy (AFM) or microneedle manipulation that can be used to directly interact with nuclear
structure.
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particle. Furthermore, magnetic fields do not inter-
fere with the cell function. Magnetic tweezers are
also used for manipulation of internal cellular
structures such as phagosomes (Feneberg et al.
2001). Forces that can be applied range from a few
piconewtons (Strick et al. 1996) to several nano-
newtons (Bausch et al. 1998). Although most MT
systems described in the literature apply forces in
one direction only, there are a growing number of
designs that allow 2D (de Vries et al. 2007) and even
3D (Fisher et al. 2005) manipulation.

Atomic force microscopy (AFM) and the closely
related microneedle technique have also been used to
apply forces to structures inside a cell. Skibbens and
colleagues (Skibbens & Salmon 1997) used micro-
needles to apply mechanical forces to the spindle in
pre-anaphase newt epithelial cells. To this end, glass
microneedles are pushed through the membrane into
the nucleus by means of a micromanipulator.
Recently, a modified AFM using nanoneedles was
developed (Obataya et al. 2005a). These nanoneedles
can be used to penetrate the cell membrane to
manipulate internal cellular structures (Obataya
et al. 2005b). AFM allows careful positioning of
the nanoneedle and simultaneous measurement of the
applied forces.

Of the technologies described above, only MT
(de Vries et al. 2007) and AFM (Skibbens & Salmon
1997) have been used so far to probe nuclear
structure. Owing to a lack of precise knowledge of
the mechanical and structural properties of nuclear
structure, it is difficult to assess the potential of the
different techniques for intracellular chromatin
manipulation. Clearly AFM allows much higher
forces to be exerted (many nanonewtons) than MT
(piconewtons to nanonewtons). This makes AFM
more suitable for manipulating large nuclear struc-
tures, whereas MT are most likely limited to the
rearrangement of smaller structures or rearrange-
ments over smaller length scales. OT are limited to
the application of even lower forces. Both MT and
OT are attractive techniques as they can be regarded
as minimally invasive: once a force probe (either a
magnetic or non-magnetic bead) is inserted into the
cell nucleus, the manipulation of the probe is
performed without “touching” the cell. In general,
we believe that AFM, MT and OT are all potential
candidates for successful intracellular manipulation.
Of all three techniques, MT is especially promising
as the MT approach produces minimal cell damage,
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is highly selective, and allows moderate forces to be
exerted. This paper focuses on nanomanipulation of
chromatin using MT.

Micro magnetic tweezers

In this section we outline some basic concepts in
magnetic tweezer design and describe in more detail
our custom-designed magnetic tweezer set-up. The
aim of manipulating chromatin inside the nucleus of
a living cell requires (i) sufficiently high forces to be
able to disturb chromatin structure, and (ii) small
bead sizes (1 pum or smaller). The translational
magnetic force Fy, that is exerted on a magnetic
particle in the presence of an external magnetic field
H with flux density B depends both on the gradient in
the magnetic flux density and on the magnetic
moment m of the particle: F,=V (m'B). Typically
superparamagnetic beads are used as they do not
have a magnetic moment in the absence of an
external magnetic field. In practice, nanonewton
forces are achievable for micrometer-sized super-
paramagnetic particles. However, for smaller par-
ticles the force drops rapidly as the magnetic moment
m of the particle scales with the volume of the
particle (m ~ 2, with r the radius of the particle).
Therefore, the challenge is to generate magnetic
fields with very large gradients in the magnetic flux
density. Usually magnetic fields are generated using
a solenoid (electric coil) with a magnetic core. The
use of electromagnets has an advantage over the
use of permanent magnets, as they allow for easy
control of the amplitude of the magnetic field and
thus that of the exerted magnetic force. High
gradients in the magnetic flux density are achieved
by using a magnetic yoke that guides the generated
magnetic flux to a magnetic pole with a sharp tip.
Typically, the maximum gradient that can be achieved
scales with the dimensions of the tip B and with the
distance from the tipR as VB ~ p~' ~ R~ (de Vries
et al. 2005). Therefore, small tip radii should be used
and the tip should be positioned close to the bead.
Typical optimized tip dimensions to address single
cells are of the order of 10 um (de Vries et al. 2005).

The general design of our custom-built micro
magnetic tweezers is shown in Figure 2. It consists
of an inverted microscope (here a IMT-2 Olympus,
Tokyo, Japan) equipped with a video camera and a
video recording device, a custom-designed magnetic
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Figure 2. (a) Schematic representation of the micro magnetic tweezer set-up used in our laboratory. The current in the coils is computer
controlled. F,, denotes the magnetic force exerted on the particle by the magnetic tweezers. (b) Photograph of the magnetic tweezers
assembled on a commercial microscope. Visible are four electric coils of which only three are used in the 3-pole magnetic tweezer
configuration. The inset shows a light-microscopy image of the cobalt 3-pole assembly.

yoke with a number of electric coils (1000 windings,
maximum current 0.75 A), a computer that controls
the current through the coils, and microfabricated
pole structures. In order to achieve high gradients in
the magnetic flux density, it is important to carefully
design the configuration (e.g. number, shape and
position) of the magnetic poles. The calculation of
magnetic field distributions of arbitrary shaped
magnetic structures is only possible using numerical
calculations. Analysis of different pole geometries
using finite-element software (FEMLAB, Comsol,
Stockholm, Sweden) resulted in a three-pole design.
It is essential to have more than one pole in order to
(i) achieve high gradients and (ii) allow changing the
direction of the magnetic force (2D manipulation).
For example, in a three-pole configuration, in one
pole the magnetic field lines point outwards, whereas
the other two poles act as a ‘sink’. The three poles
are arranged on a circle with a radius of 10 pum,
leaving a working area of 20 um x 20 pm, which is
large enough to fit a single cell. This pole design
allows for real 2D manipulation. An essential feature
of this design is that a reasonably constant force is
achieved across the central 10 um x 10 um of the
working area in contrast to, for example, a four-pole
design for which the force strongly depends on the
position within the central working area. The cal-
culated maximum achievable gradient in the mag-
netic flux density is VB=3x10* T m™' at the
center of the tweezers. For poles that have a limited

thickness, the gradient is reduced. The poles are
fabricated by electroplating cobalt onto microscope
coverslip glasses; a detailed description of this
procedure has been published (de Vries et al. 2004).
Cobalt is chosen because of its high magnetic satu-
ration (1.8 T) (Maykuth 1979), its low remanence,
and its stability in an aqueous environment. The
fabricated poles have a tip radius of ~3 um and a
thickness of 5 pm. In order to estimate the perfor-
mance of the magnetic tweezers (e.g. by numerical
calculation) it is important to know the magnetic
properties of the poles. These properties can be
analyzed using a vibrating sample magnetometer
(VSM). Measurement of the magnetic properties of
the fabricated cobalt poles resulted in the following
parameters: saturation magnetization Mg, = 1.1 X 10°
kA m~!; coercive force H.=9 kA m~ !, and
remanence B,=5 x 10> kA m™ .

Before the magnetic tweezers are used for experi-
ments it is important to generate a force calibration
curve. This calibration establishes how the force on a
magnetic particle depends on the current through the
coils. In practice it is not adequate to use calcu-
lations, because of uncertainties in the exact geom-
etry and magnetic parameters of the materials
involved (yoke, poles). Furthermore, the magnetic
moment of the particles used is in most cases not
exactly specified. Different strategies for force cali-
bration have been developed. The most frequently
applied method is tracking of the displacement of a
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magnetic particle through stationary fluids of known
viscosity. The external magnetic force on the particle
is determined from F=vyv, with v the terminal
velocity of the particle. For spherical particles, the
drag coefficient y is given by Stokes’ law y=6nnr,
where r is the radius of the particle. This method
works very well for single-pole magnetic tweezers
but is less adequate in multipole geometries as used
here because of the limited space in between the
poles. Alternatively, cantilever-based calibration
methods can be used. Here, the magnetic particle is
glued to the tip of a cantilever with known spring
constant k. By measuring the deflection Ax of the
cantilever, caused by the magnetic force that is
exerted on the bead, the force is calculated as
F =k Ax. We use this approach as it is ideally suited
for measuring forces in our multipole MT designs. As
a cantilever we use home-made micropipettes (de Vries
et al. 2005) that are calibrated against an AFM
cantilever with known spring constant (TM micro-
scopes (Veeco, Woodbury, NY, USA), microlevers
tip B, spring constant 10 nN pum ). Typically, spring
constants of the micropipettes were 0.8 nN pm ™~ '. A
superparamagnetic bead with well-defined magnetic
properties (Dynabeads M280, Dynal, Oslo, Norway;
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volume magnetization 11.5 kA m™") is glued (using
two-component epoxy glue) to the end of the pipette.
The assembly is positioned carefully such that the
superparamagnetic bead is placed at the center of
the magnetic tweezers. Deflection of the micropipette
is recorded using video microscopy and analyzed
off-line using Labview-based homemade particle
tracking software. The method allows to measure
forces down to ~10 pN. An example of a measured
force calibration curve is shown in Figure 3 which also
depicts the calculated forces for comparison. The
maximum force measured is ~1 nN, corresponding to
a gradient VB=8 x 10> T m™ " at the center of the
tweezers. It is now possible to predict the maximum
forces that can be exerted on magnetic beads once
their magnetic properties are known. An overview of
the magnetic properties and corresponding forces are
given for a selection of commercially available
particles in Table 1. As is evident, the force drops
rapidly with decreasing bead size. For comparison,
the force of a 100 nm iron particle is also given.
The calculated maximum achievable forces are
important for the success of the application of mag-
netic tweezers for chromatin manipulation as will
be discussed later.
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Figure 3. Measured (circles) and calculated (dashed line) forces exerted on a superparamagnetic bead (M280 from Dynal) positioned at the
center of a three-pole magnetic tweezers plotted for different coil currents. Reproduced with permission from de Vries et al. (2005).

Copyright 2005 the Biophysical Society.
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Table 1. Overview of the magnetic properties and corresponding maximum forces that can be exerted using the current MT set-up for a

selection of magnetic beads

Bead type Diameter (pum) Volume magnetization (kAm ™) Maximum force (pN)
DynaBeads-M280 (Dynal) 2.80 11.5 1000
MyOne (Dynal) 1.05 28.4 150
47% y-Fe;0,4 (Bangs Labs) 0.35 65 12
100% iron beads 0.10 1.7x10° 7

Mechanical properties of chromatin in living cells

The magnetic tweezers described in the previous
section were successfully used to manipulate super-
paramagnetic beads inside the nucleus of a living
cell. Following the trajectory of a micrometer-sized
superparamagnetic bead in response to an external
magnetic force allowed the determination of the local
mechanical properties of the nuclear architecture.
The first step in these experiments is to get a
superparamagnetic bead inside the nucleus of a cell.

y-position (um)

This is most conveniently done by microinjection.
The challenge here is to inject a single bead inside
the nucleus. Methods for microinjection like those
used in microparticle tracking rely on the injection of
a given volume of a suspension of beads or of a
ferrofluid (Tseng et al. 2004). This method allows no
control of the precise number of beads that are
introduced in the nucleus. We therefore adapted this
method for single-bead injection. To this end, a
single superparamagnetic bead (MyOne, Dynal,
r=0.5 um) is sucked onto the tip of a micropipette.

-0.3 : :

0.1 0.2

x-position (um)

Figure 4. Measured trajectory of a superparamagnetic bead inside the nucleus of a living HeLa cell induced by a magnetic force of 110 pN
alternating clockwise between three different directions indicated by the arrows. A single triangular path is shown. The inset represents a
confocal section through the nucleus of the HeLa cell showing the distribution of GFP-tagged histone H2B. The nucleus contains a single
microinjected bead indicated by the arrow. Scale bar is 10 pm. Reproduced with permission from de Vries ez al. (2007). Copyright 2007 the

American Chemical Society.
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The micropipette has an inner diameter of 0.4 um
(World Precision Instruments, Inc., Sarasota, Florida,
USA, TIPO4ATWIF micropipette), which is smaller
than the bead diameter. The pipette is connected
to an Eppendorf Femtojet microinjector to control
the pressure. Varying the compensation pressure
(~5-15 kPa) causes an influx of medium into the
pipette, allowing the capture of the bead onto the tip.
HeLa cells, expressing green fluorescence protein
(GFP)-tagged histone H2B uniformly labeling all
the chromatin, were deposited on a glass coverslip
and left for 2 h to attach and spread before pro-
ceeding with the microinjection. A micromanipulator
is used to push the superparamagnetic bead into the
nucleus of a HelLa cell. Next, the bead is released
from the pipette by increasing the compensation
pressure in the micropipette. Finally, the micropi-
pette is withdrawn from the cell, leaving a single
superparamagnetic bead inside the nucleus. Confocal
fluorescence microscopy of the nucleus is used to
confirm the successful microinjection procedure
(see inset, Figure 4). The microinjection procedure
showed a high success rate and did not cause any
observable morphological changes (e.g. swelling or
bleb formation) in the cells, indicating that the cells
are not negatively affected by this procedure.

After successful injection of the bead into the
nucleus of the cell, the superparamagnetic bead is
subjected to external magnetic forces using the three-
pole magnetic tweezer set-up as described above.
Manipulation experiments were performed for two
different amplitudes of the magnetic force (110 pN
and 65 pN). The direction of the force was always
towards one of the poles, and was changed stepwise
from pole 1 to pole 2, to pole 3, back to pole 1, and
so on in a clockwise manner. Simultaneously, bead
movements were captured on video and stored for
later analysis. Bead positions were determined by
offline video analysis. An example of a bead
trajectory for a full cycle is shown in Figure 4.
Clearly, a triangular path is described showing a fast
elastic response (the arms of the triangle) when the
force changes direction, after which the bead seems
to settle around an equilibrium position (the corners
of the triangle). The ‘clouds’ of data points that are
visible at the corners of the triangles are due to
‘noise’ caused by the limited accuracy in determining
the bead position. It appeared not to be possible to
move the bead over longer distances, indicating that
the nuclear architecture behaves as a highly viscous
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medium for bead sizes of 1 pum. This proof-
of-principle experiment convincingly shows that
controlled movement of magnetic beads inside the
nucleus of a cell is feasible. In addition, detailed anal-
ysis of the data obtained from this particular experi-
ment provides useful information on the nuclear
architecture.

Micromechanical properties derived from the bead
displacement data can be used to validate existing
models or to develop new models of nuclear architec-
ture. The analysis starts with plotting the normalized
bead displacement versus time (Figure 5). These data
are extracted from the measured bead trajectories by
calculating the displacements of the bead and normal-
izing with the applied force. The displacements are
determined with respect to the mean position of the
previous ‘corner’. The data in Figure 5 are obtained
after averaging nine individual traces for a single cell.
The response function thus obtained clearly describes
an environment that is viscoelastic. A fast elastic
response is followed by a viscous behavior for longer
time scales. Analytically this behavior is best
described by a so-called Voigt—Maxwell body
(Figure 5, inset), which consists of a series system of
a viscoelastic body (a dashpot characterized by
damping coefficient y, in parallel with a spring
constant k) with a dashpot characterized by damping
coefficient yo (Feneberg et al. 2001). In this case the
normalized displacement of the bead evoked by a
stepwise force F is expressed as

S;—t):%[l—exp (—;)}—i—i (1a)

with the relaxation time t given by

=
k

T (1b)
In this model, k is a measure of the spring constant of
the structure and describes the fast initial response of
the bead upon the application of an external force.
The damping coefficient y; determines the speed at
which the bead is displaced during the initial
response. The relaxation time t as defined in equation
(1b) describes the time required for the transition
from the elastic regime to the viscous flow regime.
Finally, vy, describes the effective viscous drag
coefficient of the bead in the viscous flow regime at
longer time scales. Curve fitting of the data using
equations la and 1b yields the following values for
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Figure 5. Measured response function, normalized by force (left axis) of a bead in the nucleus after application of 65 pN (solid circles) and
110 pN (open circles) force steps (solid lines, right axis). The dashed line is a curve fitted using a viscoelastic model, characterized by
damping coefficients yo and y, and by a spring constant k, as shown in the inset. Reproduced with permission from de Vries et al. (2007).

Copyright 2007 the American Chemical Society.

the fit parameters k, yo and y;: k=8.0 x 10”* Pa m;
Yo=12x10"%Pasm; y,=7.0 x 10> Pa s m. These
parameters relate to the viscoelastic properties of the
cell nucleus. Following Stokes’ law, the viscosity 1 is
given by n=y /6nr, where r is the radius of the
magnetic bead. The Young’s modulus Y is expressed
as Y=3 p, where p is the shear modulus (Landau
1959) and is given by p=k/6zr (Ziemann et al.
1994). This results in a Young’s modulus ¥=250 Pa
and a viscosity no=1.2 x 10° Pa s. The fitting errors
are ~10%. The observed values vary slightly (50%),
however, depending on the direction of the bead
displacements and from cell to cell.

The observed almost purely elastic behavior of the
nuclear material is consistent with previous observa-
tions using cell poking (Heidemann et al. 1999) and
AFM measurements (Mathur et al. 2000). However,
the elasticity found here is about 10- to 100-fold
lower than what was reported by micropipette and
AFM methods (Lammerding et al. 2007). The main
difference between these techniques and the MT
method is that with micropipette and AFM the
elasticity is determined by poking the nucleus from

the outside. Therefore, the elasticity measured arises
from both the nuclear envelope and the interior of the
nucleus. However, with MT the elasticity is deter-
mined of the interior of the nucleus only. This may
explain the observed lower values of stiffness found
here compared with the micropipette and AFM
methods. In addition, different cell types are used,
which can also give rise to different mechanical
properties. Comparison of the observed Young’s
modulus with values obtained by micropipette
experiments on isolated mitotic chromosomes shows
very good agreement. These studies (Marko &
Poirier 2003) show an elastic modulus of typically
500 Pa, a value only slightly larger than the 250 Pa
observed in the MT studies. Because the force range
and the length-scale that are probed are quite similar
for both methods, these results suggest that, although
the internal structure might be different, mitotic
chromosomes and interphase chromatin have similar
elastic properties. The values obtained here may best
be compared to a study that used PTM (Tseng et al.
2004). The viscosity was found to be about 500 Pa s,
a value very close to our observations. The average
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elasticity is reported to be about 18 Pa, which is
10-fold lower than observed with the MT method.
However, the observed high viscosity and elasticity
are in contrast with data obtained with FRAP and
fluorescence correlation microscopy (FCS) applied,
for example, to fluorescently labeled nuclear proteins
and polymers. Those studies show a nuclear viscosity
that is orders of magnitude smaller and resembles
that of water (Lukacs et al. 2000, Pederson 2000,
Verschure et al. 2003). This discrepancy can be
explained by realizing that, by using the relatively
small nuclear proteins, one probes predominantly the
interstitial viscosity of the liquid phase of the
nucleus, whereas using the magnetic beads, which
are much larger than the effective mesh size of the
intranuclear region, one probes the mechanical
properties of the nucleus at the meso-scale including
chromatin and nuclear bodies (Tseng et al. 2004).
The general view of chromatin structure in
interphase nuclei is one in which the 10 nm
nucleosomal chain is folded into a helical structure
called the 30 nm fiber, which in turn is organized in a
so far unknown higher-order structure (Adkins et al.
2004). The 30 nm fiber can be treated as a flexible
polymer. One approach, in which the chromatin is
described as a crosslinked polymer network, cor-
rectly predicts the observed Young’s modulus (see
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de Vries et al. 2007 for a detailed description). Here
we only highlight the main aspects of the model. The
Young’s modulus of a crosslinked polymer network
is given by (Doi 1986)

Y = 6nkT (2)

where kg=1.3 x 10”2 J/K is Boltzmann’s constant
and T is the absolute temperature. On average the
distance between crosslinks can never exceed the
length of the fiber between two crosslinks. Because
the distance between crosslinks is determined by the
crosslinker density 7, the value of n is limited to

n < (L/20V)*? (3)

where © represents the part of the nucleus that is
taken up by the sum of all chromosome territories,
and ranges from 0 to 1, © =1 represents the situation
in which chromatin occupies the total nuclear volume
V. The total length of chromatin fiber is given by L.
Evaluation of the Young’s modulus using equations
(2) and (3) (with V=315 um®; L=5.5 x 10"? m) for
different values of the crosslinker density » and
volume fraction © is shown in Figure 6. From this
figure it is concluded that a volume fraction of
©=0.19 yields a maximum value of the Young’s
modulus of Y<250 Pa, corresponding to the exper-

250 Pa

+——Lioljoel} alnjon Buisealoaq

}Measured: Y
s
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P
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crosslinker density n (um°)

Figure 6. Interpretation of nuclear architecture based on a polymer network model of chromatin. Vertical solid lines indicate possible
combinations of volume fraction and crosslinker density to yield the specified Young’s modulus. The measured Young’s modulus of 250 Pa
corresponds to a <1, in agreement with the general picture of chromatin organization in compact domains.
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imental results. In this case the length of the fiber
between two crosslinks is also reduced and
approaches the value of the persistence length.
However, the polymer network model is only valid
if the length of the fiber between two crosslinks is
much larger than the persistence length. Therefore,
the value of © obtained can be regarded as a lower
limit. More advanced modeling is required to correctly
include the persistence length of the fiber and to
include other factors such as the stiffness of the
crosslinks. We continue to develop these ideas in
ongoing work. The current model suggests a volume
fraction © that is considerably smaller than unity, a
prediction that is in agreement with current under-
standing of interphase chromatin organization.

No precise measurements have been made of the
nuclear fraction ©. Electron-microscopic images of
thin sections of nuclei suggest that this value does
not exceed 0.5 and might be considerably smaller,
depending on the cell type (Cmarko et al. 2003). We
speculate that the molecular basis of the crosslinking
of the chromatin fiber inside the chromosome
territory may be related to the putative arrangement
of chromatin in loops (Heng et al. 2004). Alterna-
tively, crosslinks between nucleosomes may occur
via chromatin-associated proteins, such as HPI,
which binds to histone H3 methylated at lysine 9
and can form homodimers (Eissenberg & Elgin
2000). However, other chromatin proteins may also
be involved, such as the methylated DNA-binding
protein MeCP2 (Georgel et al. 2003).

J. S. Kanger et al.
Discussion and future directions

As demonstrated, the controlled manipulation of
small beads inside the nucleus of a living cell is
feasible and can provide important and indeed novel
information on the mechanical properties of chroma-
tin structure. The in vivo elasticity and viscosity
observed are in reasonable agreement with those
obtained with PTM and allow estimation of the
forces that are required, for example, to reposition
(parts of) chromatin within the nucleus. If only the
elasticity is considered, a force of about 100 pN on
a 1 um bead caused a bead displacement of about
100 nm. As a result, the local chromatin is also
repositioned over the same distance. Larger displace-
ments will require larger forces or alternatively
smaller beads. Larger forces can readily be obtained
by using magnetic particles with higher volume
magnetizations. In this way the use of iron particles
can increase the maximum force by a factor of 60.
Therefore, it is anticipated that displacements on the
order of micrometers are feasible. The use of smaller
beads is also possible. Although the exerted forces
are considerable lower (e.g. 7 pN for a 100 nm iron
particle with the current MT set-up), the observed
Young’s modulus for 100 nm particles is also lower
by an order of magnitude (Tseng et al. 2004). This
results in an estimated maximum displacement in the
micrometer range for a 100 nm particle, comparable
to the maximum displacement of a micrometer-sized
particle. These estimated displacements, which are

nuclear envelope / \ \ region of transcriptionally active chromatin
region of silenced chromatin

Figure 7. Using magnetic tweezers to reposition loci that are bound to a magnetic nanobead from (a) a region of silenced chromatin close to
the periphery of the nucleus towards (b) a region of transcriptionally active chromatin. Adapted from Mateos-Langerak et al. (2007).
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based on the observed elasticity, take place on a short
time scale (seconds). The long-term behavior of the
particle inside the nucleus is governed by the
viscosity. As discussed for very small particles (like
proteins), the viscosity is very low and large macro-
molecules of many kilodaltons can easily diffuse
throughout the nucleus and into chromatin domains
(Verschure et al. 2003). However, for particles with
a size of 100 nm the viscosity is already many orders
of magnitude larger and therefore strongly hampers
the relocation of these particles. More experiments are
required with particles much smaller than the 1 pm
particles used so far to get conclusive answers on
the possibility of maneuvering small magnetic beads
through the nucleus and chromatin domains to any
desired position.

Based on the analysis above, we believe that
several interesting experiments are feasible using the
current MT method. One of them is the in situ mani-
pulation of nuclear organization (Mateos-Langerak
et al. 2007). The transcriptional activity of a gene
is related to its local environment in the nucleus
(Goetze et al. 2007). This suggests that changing the
position of a genomic locus in the nucleus while
simultaneously observing the effect on transcription
and replication is a possible approach to analyzing
the relationship between nuclear position and activity
of a gene. Manipulation of magnetic particles in the
nucleus may be a promising candidate for reposition-
ing loci. To this end, magnetic particles, coated with,
for instance, antibodies against core histones, could
be injected into the nucleus close to the nuclear
periphery. MT could then be used to displace the
particle and the bound loci towards the center of the
nucleus. The estimated micrometer displacements
may be large enough to reposition the loci from a
zone of silenced chromatin to a zone of transcrip-
tionally active chromatin (Figure 7).

Other applications may focus on inducing local
chemical modifications to chromatin structure. As an
example, magnetic particles could be coated with
enzymes that induce methylation or de-methylation
of histone tails and in this way modify the local
chromatin structure to allow study of its effect on
gene activity.

The first experimental results and the unique
ability to interfere with chromatin structure lend
credence to the use of MT for the study of nuclear
architecture. The method is fully compatible with
optical microscopy techniques, such as confocal
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fluorescence microscopy. However, there are some
potential limitations to this technique. First, as
discussed, the viscosity is very high for large beads,
strongly hampering the ability to maneuver the
particles through the nucleus. The use of much
smaller beads will probably solve this issue but at
the cost of much lower magnetic forces. Secondly, a
so far unaddressed issue is the possible nonspecific
interaction of the bead with nuclear components such
as proteins, etc. Investigating the existence of these
nonspecific interactions, quantifying their effects,
and ultimately reducing them (e.g. by coating the
beads with polyethyleneglycol) will form key com-
ponents of the refinement of the MT manipulation
technique in the future.

Conclusions

In this paper we review and discuss the possibilities
for manipulating chromatin inside live cells using
magnetic particles. As a ‘minimally invasive’ tech-
nique, MT has unique advantages that allow exper-
imental studies on chromatin structure that are not
easily accomplished otherwise. We show that the MT
method has many feasible applications for the study
of structure—function relationships of chromatin. But
it should also be realized that this technology has
only just begun to develop and more work is required
to fully explore the potential of this method for the
study of nuclear architecture. Finally, we believe that
the work presented here opens new avenues of
research for structure—function correlation of
mechanical properties in the most challenging and
complex cellular milieu.
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