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We measured individual trajectories of fluorescently labeled telomeres in the nucleus of eukaryotic cells

in the time range of 10�2–104 sec by combining a few acquisition methods. At short times the motion is

subdiffusive with hr2i � t� and it changes to normal diffusion at longer times. The short times diffusion

may be explained by the reptation model and the transient diffusion is consistent with a model of

telomeres that are subject to a local binding mechanism with a wide but finite distribution of waiting

times. These findings have important biological implications with respect to the genome organization in

the nucleus.
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The nucleus of the eukaryotic cell contains tens of
thousands of genes (�23 000 in human) organized as chro-
mosomal DNA. This crowded environment contains
packed genetic material, RNA transcripts, protein factors,
and a variety of nuclear bodies. The genetic information
(DNA) can be either replicated to form daughter cells, or
transcribed to RNA molecules leading to protein trans-
lation. These processes depend on the ability of protein
factors to locate and interact with specific DNA sequence
within this packed nucleus [1], as well as on the organiza-
tion and structure of chromatin in the nucleus [2].
Telomeres are the end caps of the linear eukaryotic chro-
mosomes. They play an important role in maintaining
chromosome organization and integrity throughout the
cell cycle. The telomeres are protected by a number of
protein factors that are collectively referred to as shelterin
and can bind to either the nuclear envelope, nuclear matrix,
or heterochromatin, depending on the cell species [3].
Therefore, studying the dynamics of telomeres can shed
light on chromosome dynamics, the role of telomeres in
genome organization, and the coordination of physical
structures and biological processes in the nucleus [4].

Chromosomes occupy specific nuclear volumes referred
to as chromosome territories [5], and their motion is highly
constrained. The diffusion of telomeres was previously
studied on a limited time scale of either minutes [6] or
1–200 sec [7] and exhibited mainly normal constrained
diffusion with a heterogeneous diffusion coefficient of
2–6� 10�4 �m2=s. This is significantly lower than the
diffusion of small molecules such as dextran in the nucleus
(10–100 �m2=s), which reflects the dense nature of the
nucleus. The dynamics of other nuclear bodies as well as
messenger RNAs were also measured [8–10] and anoma-
lous diffusion was found for specific DNA loci [11].

In this study, we examined the diffusion properties of
telomeres in the nucleus in a broad time range of almost 6
orders of magnitude (10�2–104 sec ). Such a broad time

range was employed by combining two different imaging
setups on the same microscope. We find that the diffusion
is anomalous at short times of�10�2–103 sec . It changes
to normal diffusion at longer time intervals and the diffu-
sion constants are found to have a wide distribution. The
experiments were performed in living human cells (U2OS
osteosarcoma cell line); see details in Ref. [12]. Telomeres
were labeled through the shelterin subunit TRF2 fused to a
green fluorescent protein. TRF2 recognizes the telomeres
by attaching to the human telomeric sequences TTAGGG
[6]. The fused protein was transiently expressed in the
cells, and typically about 60 telomeres were observed in
each cell [Fig. 1(a)] [6].

FIG. 1 (color). (A) Projection image of a 3D data. Typical
distribution of telomeres (bright spots) in the nucleus stained
with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI).
(B) 3D motion of a telomere (bright object) as measured over
2� 103 sec. (C) 2D motion of a telomere in 18 sec measured at
5 Hz. A fixed telomere from a dead cell is also shown (shifted
upwards) indicating that the measurement precision is better
than 15 nm. (D) X, Y motion of a telomere during 20 seconds
measured with the confocal setup.
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In order to allow the tracking in a broad time range, we
combined a CCD camera and a confocal setup to the same
microscope. Confocal imaging was used for three dimen-
sional (3D) measurements for up to 3 hours as well as two
dimensional (2D) measurements at 5 Hz frame rate for
100 sec. The CCD was used for 2D fast acquisitions in a
time range of 10�2–102 sec [12]. Almost no bleaching of
the fluorescence was observed during the measurements
and the signal shows fast recovery after photobleaching
[12]. The images were analyzed with single particle track-
ing algorithms followed by mean square displacement
(MSD) and further analysis [12]. In order to compare the
data that were partially measured in 3D and par-
tially in 2D, the MSD curves were extracted only for the
2D motion; i.e., 3D images were projected on a 2D plane.

The MSD is calculated for each telomere by finding the
average displacement between each two time points with a
time interval � ¼ n� where � is the measurement time
interval and n is an integer. Averaging is performed over
the whole measured time,

hr2ð�Þi ¼ 1

N � n

XN�n

m¼1

½rððm� 1Þ�þ �Þ � rððm� 1Þ�Þ�2;

(1)

where r is the position vector of the particle at each time
point and N is the total number of measured points. For
normal diffusion, the MSD should follow linear depen-
dence with �, hr2ð�Þi ¼ 2ndD� where nd is the spatial
dimension and D is the diffusion coefficient.

Figure 1 shows a projection of a 3D image of a nucleus
[1(a)], a 3D path of a single telomere [1(b)], a typical 2D
time path of a telomere [1(c)] and the x and y motion of a
telomere [1(d)]. Figure 1(c) also shows the path of a
telomere from a fixed (dead) cell. Since such a telomere
is static, the observed motion indicates that the measure-
ment precision is �15 nm. Each telomere was localized
within a limited volume of �0:04 �m3 in a time range of
35 min [12].

In contrast to previous studies, we find complex telo-
mere dynamics never reported before. At short time scales
of 10�2–102 sec , the diffusion is anomalous (subdiffu-
sive) and the MSD can be expressed as hr2ðtÞi ¼ At�

with �< 1 [13]. The MSD changes to normal diffusion
with �� 1 at the time range of 102–104 sec . In addition,
the single-telomere MSD’s have a very large distribution.
This information sheds light on the diffusion properties in
the nucleus and on the genome organization as a whole, as
explained below. A transition from anomalous to normal
diffusion at a crossover time TCR was previously observed
in the plasma membrane [14] and for other nuclear bodies
[9], but thus far not for telomeres. Transient anomalous
diffusion can be explained by the existence of binding or
obstruction [15] with a finite average escape-time proba-
bility distribution. For treating transient diffusion, one can
define a time-dependent diffusion coefficient: DðtÞ ¼
hr2ðtÞi=t ¼ At��1 [15]. It is convenient to realize this by

plotting hr2ðtÞi=t as a function of t on a log-log scale. A
negative slope reflects subdiffusion (slope equal to �� 1)
and normal diffusion is reflected as a horizontal line.
Figure 2 shows the experimental results of hr2ðtÞi=t as a

function of time t for almost 6 orders of magnitude. The
diffusion changes from anomalous to normal at approxi-
mately TCR � 100 sec. The transition is not abrupt and
analyzed in three different regions (Table I). The data
shown emphasizes the importance of performing the par-
ticle tracking experiments at a broad time range. To verify
the validity of the experimental method, the diffusion of
fluorescent beads in solution was measured in the same
time range. The beads were found to have a normal diffu-
sion all across the time range [12]. The values of the
coefficient A in the subdiffusive time range and the diffu-
sion coefficient D in the normal diffusion time range vary
considerably from one telomere to another (Fig. 3 and
Table I). In contrast to that, the exponent � changes
much less (standard deviation=mean< 0:4). The value
found for � in the range 10�2 � 1 sec (Fig. 2) is � ¼
0:32� 0:12. The data does not fit well with other models
[12].
The large variation of the diffusion coefficient that is

found cannot be explained by the typical size variation of
telomeres in the nucleus of 5–15 kb pairs [6]. We assume
that the diffusion follows the Einstein-Smoluchowski rela-
tion and Stokes’s law, D ¼ kBT=6��a, [16] where kB is
the Boltzmann constant, T the temperature,� the viscosity,
and a is the particle radius. The telomeres size can be
estimated based on the worm-like chain model of DNA
given by a2 � hr2i ¼ 2dlpN [17] where lp is the persis-

tence length (�50 nm), d the base-pair length (0.34 nm),
and N is the number of base pairs. It therefore gives the

FIG. 2 (color). Log-log plot of hr2i=t vs t. The average MSD is
shown in black. The standard deviation is also shown. The data
were analyzed in three time ranges (Table I). The analysis after
drift and rotation correction is performed only on 2D data. The
diffusion is anomalous up to �100 sec where it changes to
normal diffusion.
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extreme ratio for the telomeres as Dmax=Dmin ¼
ðNmax=NminÞ1=2 � 1:73. This is much smaller than the
�18-fold variation in the measured values of the diffusion
coefficient that we find. Variation of the viscosity in the
nucleus is also expected to be relatively small [7,8].

We now discuss two models to interpret our data. A
relevant stochastic model for the dynamics of biological
entities is the well-known continuous time random walk
(CTRW) model [18,19]. The particle undergoes a random
walk with waiting times between jump events described by
the probability distribution function c ðtÞ. If the waiting
time probability distribution function has a long tail,

c ðtÞ / t�ð1þ�Þ with 0<�< 1, the diffusion is anomalous
hr2ðtÞi / t�. For the measured data this means that c ðtÞ /
t�1:32. A broad distribution of waiting times is possibly
related to binding [13] as telomeres can bind to chromatin
or the nuclear matrix through binding proteins. Even if all
these processes are described by exponential distributions,
a sum of such exponentials may lead to dispersive kinetics
of the CTRW type. A model related to the CTRW was
suggested by Saxton to describe transient anomalous dif-
fusion in the cell and nucleus [15] and showed that a cutoff
time leads to transient character of the diffusion. There, a
trap model was used where anomalous diffusion of a
particle is found due to trapping events in specific location
(quenched disorder) which leads to power law waiting
times.

Several aspects of our data are compatible with a CTRW
picture. The observed transition from anomalous to normal
diffusion at TCR � 100 happens within the CTRW lan-
guage when the waiting time distribution has a cutoff,

i.e., c ðtÞ / t�ð1þ�Þdt for t < TCR. Such a cutoff is expected
in a biological system since it corresponds to the longest
(finite) binding time found in the dynamics. The value
found for TCR is similar to the short residence times found
for chromatin binding proteins [20] (2–20 sec) which can
bind telomeres to chromatin or nuclear matrix. The some-
what longer time that we found may indicate that the
telomere binding is mediated by more than a single protein
at a time.

The most striking success of the CTRW is the prediction
that time averages are not reproducible observables.
Simulations and theory of CTRW [18,19] shows distribu-
tion of time averages MSD which is very similar to what
we find in our experiments. The CTRW theory also pre-
dicts aging effects. This means that when c ðtÞ is a power

law, the time average MSD not only depends on the lag
time, but also on the total measurement time, in complete
contrast to normal diffusion. We tested traces of aging in
our experimental data. We considered the data only in time
scales where the diffusion is anomalous since the cutoff
itself may influence the aging effects. By changing the total
measurement time that is used for the MSD calculation, we
found that our experimental results are not sensitive to this
control parameter (Ref. [12], Sec. 4). This shows that the
CTRW cannot fully explain our experimental results.
Various models of polymer dynamics also predict

anomalous diffusion. The famous Rouse chain model pre-

dicts hr2ðtÞi / t1=2 [21], which is faster than what we find.
This is not surprising, as in the crowded environment of the
nucleus, the DNA is not a freely moving polymer. The
de Gennes model of reptation (tube model) explains the
motion of a polymer in a crowded environment by using a

Rouse chain in a tube. It predicts hr2ðtÞi / t1=4 with a

transition to hr2ðtÞi / t1=2 and even normal diffusion at
longer times [22]. The transition of the diffusion is related
to the time scales where the polymer starts to interact with
the tube, and finally moves to distances that are larger than
its own size.
Our experimental results shows a progression from

anomalous to normal diffusion (roughly from � ¼ 1=3 to
� ¼ 1) as time progresses, which is within the predictions
of the reptation model. The theory of the polymer dynam-
ics (unlike the CTRW) does not predict ergodicity breaking

TABLE I. Measured properties of the telomeres dynamics. A and � are calculated by fitting the MSD curve to hr2ðtÞi ¼ At�. The
total number of telomeres that were analyzed in each range is indicated, as well as the percentage that provided a good fit (R2 > 0:98).
In each range the fit was tested with the adequate equation (either normal or anomalous). The time ranges are selected according to the
curve slope.

Time range [sec] � A [�m2=sec�] D [�m2= sec] Number of telomeres

10�2–100 0:32� 0:12 ð2:5� 1:6Þ � 10�3 419 (76%)

100–2� 102 0:51� 0:20 ð1:8� 1:1Þ � 10�3 151 (47%)

3� 102–104 1:15� 0:44 ð5:6–5:0Þ � 10�5 311 (47%)

FIG. 3. The MSD of single telomeres on a log-log scale in the
anomalous time range of 10�2–102 sec. The thick line shows the
average MSD shifted upward for clarity.
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and the time averages of MSD’s are reproducible observ-
ables. The large scatter of our data, i.e., the irreproducible
nature of the results on the single particle level, can then be
attributed to inhomogeneity. Namely, if each telomere
moves in a different effective tube size (that depends on
the local chromatin organization), we expect variability in
the diffusion constants. In addition, the telomeres are
anchored at the end of a long DNA chromatin structure,
which by itself influences the telomeres dynamics. The
position of the telomere with respect to its chromosome
is not of major importance to the telomere diffusion be-
cause the chromosomes are tightly packed (Ref. [12],
Sec. 6). Conceptually, models of polymer dynamics ne-
glect possible binding mechanisms, but as already men-
tioned, the telomeres are known to have temporal binding
mechanisms [3,6]. Therefore, binding effects can be im-
portant, especially in the long time limit while the short
time dynamics might well be a manifestation of the
de Gennes reptation model.

What is the biological benefit of slow dynamics in the
cell? It was suggested previously that anomalous diffusion
of a particle effects its association rate with nearby targets.
A lower value of � increases the probability to reach
nearby targets which can be favorable for transcription
control in prokaryotic cells [23]. However, it is not relevant
for eukaryotic cells where the transcribed messenger RNA
must exit the nucleus first to be translated to a protein. On
the other hand, the transient diffusion that we found in-
dicates on a possible mechanism that maintains the ge-
nome organization in the nucleus. The chromosomes in the
nucleus are localized in territories [5]. Such order ensures
that nuclear organization is sustained throughout the life
cycle of a cell, a property that emerges as a key contributor
to genome function, though its full extent is not yet known
[2,5,24]. It therefore raises the question on the mechanism
responsible for such localization. The measured data pre-
sented here provides a possible explanation. It suggests
that the short-term telomere’s anomalous diffusion is gov-
erned by the telomere dynamics in its chromatin environ-
ment and that long-term diffusion is governed by telomere
binding with a cutoff which altogether leads to spatial
localization. Namely, anomalous subdiffusion is such a
slow process that on the relevant time scale for living cells,
the telomeres are nearly localized without compartments.
We therefore suggest that the binding mechanism together
with the reptation model which leads to transient anoma-
lous diffusion provides a possible explanation for the up-
holding of genome organization.

If this phenomenon also reflects the chromosomemotion
in general (where chromatin sites bind to others with a
limited escape time), it will lead to maintenance of struc-
tures and positions in the nucleus without the need for
actual compartments. Such a mechanism has another ad-
vantage by providing flexibility. If telomere binding is
switched off (e.g., by shortening the binding time), this
will allow the nucleus to undergo architectural changes

such as during mitosis. Indications to such mechanisms
have been discussed before [3] but further studies should
be performed. More specifically, it is important to measure
other sites in the nucleus such as a whole chromosome and
single gene loci. Measuring the effect of metabolism on the
diffusion can also shed more light on the diffusion mecha-
nisms in the nucleus.
In summary, we have measured the diffusion properties

of telomeres in 6 orders of magnitude of time by combin-
ing two imaging methods. The diffusion is found to be
transient from anomalous to normal. Based on these results
we proposed a model for the genome organization which is
important for the genomic function.
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