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Abstract Using a combination of optical experiments and computer simulations, we found that live cells act as traps
to produce anomalous subdiffusive translational motion of molecules exemplified by glucocorticoid receptor a. Gluco-
corticoid receptor a was expressed as a fusion protein with the green fluorescent protein in living mammalian U20S
cells. The measurements were carried out by fluorescence correlation spectroscopy. The GFP-tagged glucocorticoid
receptor a was either a homodimer or a monomer in the nucleoplasm depending on the presence or absence of the
stimulus dexamethasone. Our simulations showed that the experimentally measured rates of translational diffusion could
be attributed to spatial and temporal traps. Thus, traps acted by spatial and temporal heterogeneity and randomness,
respectively. As we prove here for the first time, that anomalous translational diffusion caused by spatial randomness
was different from anomalous translational diffusion caused by heterogeneous temporal randomness. For this purpose,
we explored two classes of transformations in the time domain for which the assumption that they are stable and have
probability density functions was satisfied. The first one was the Inverse Gamma distribution and the second class was
a stable Levy distribution. The spatial exponent a that was extracted from time series expressed scale invariance in the
space domain. The time exponent y measured limited time scaling of the embedding complex dynamics. Hence, both
exponents must not be mixed up by a single exponent. Fluorescence correlation spectroscopy is the method of choice

for measuring the exponents of anomalous subdiffusive translational motion of molecules in live cells.
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INTRODUCTION

Anomalous translational diffusion and subdiffusion, respectively,
is a breakdown of the laws of mass action [1]. As opposed to normal
translational diffusion, in which the movement of molecules is not
correlated with their previous position, anomalous translational dif-
fusion molecules are spatially and temporally correlated [1-3]. This
spatio-temporal correlation reflects a fundamentally different behavior
compared with the one in dilute or very dilute solution which, for ex-
ample, affects the spread of molecules within live cells.

Translational diffusion coefficients typically are calculated by com-
paring the relative spread of a fluorescent molecule over time points
[4], or by measuring the time constant of recovery after photobleaching
[5]. Fluorescence correlation spectroscopy (FCS) offers an extremely
powerful and successful technique for dealing with molecular inter-
action in dilute and very dilute solutions by delivering constant trans-
lational diffusion coefficients [4, 6-27]). Until now, characterization
of translational diffusion in live cells has relied almost exclusively
on measurements of constant translational diffusion coefficients [28,
29]. There is some evidence that in live cells the apparent translational
diffusion coefficients may not be constant, but instead can vary over
time, even for inert molecules [30-34]. The dynamics was observed by
FCS. However, those measurements and theory only considered a single
“dynamic” exponent [30-34]. For the first time, we have developed the
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theoretical formulation and an FCS-based method in order to separate
the spatial subdiffusion from temporal subdiffusion [1, 2]. We have
observed that FCS is superior at calculating spatially and temporally
variable diffusion coefficients and our stimulated and experimental
data support this.

Trapping of molecules in live cells can exert at least two types of
effects that could be important for function. First, live cells will have
a strong influence on how far and how fast locally produced molecules
will travel within the cytoplasm or the nucleoplasm. Over a time scale of
1's, a molecule with an apparent diffusion coefficient D, of2 pm?/ms,
would diffuse about 60 pm. Thus, as long as molecules remained within
the cytoplasm, their movement could be dominated by an anomalous
diffusion process over distances. Second, anomalous diffusion reflects
an increase in the spatial and temporal correlation of diffusing molecules
which would be expected to promote activation of biochemical networks
by intracellular signals trapped in live cells [1, 35, 36].

Traps act by spatial and temporal heterogeneity and randomness,
respectively. The amount of heterogeneity (irregularity, uncertainty) in
trajectories of dynamical systems can be quantified in various ways.
From a geometrical point of view, exponents measure the dependence
of the future behavior on small changes in the system’s initial condi-
tions. A mathematician might use entropy as a measure of the system’s
heterogeneity in predicting the future from its past. Extensions of
random walk models beyond normal Brownian motion, for example,
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to processes governed by steps or waiting times with heavy-tailed dis-
tributions are used to describe heterogeneities in live cells [ 1, 2]. At the
single-molecule level, chemical and physical processes are stochastic,
meaning that a reaction takes a variable time to complete. The distri-
bution of waiting times contains information about the mechanism of
the process, resulting in anomalous translational diffusion behavior of
molecules that are not absorbed on or firmly bound to (i.e., immobilized
on) intracellular structures. Anomalous translational diffusion allows
new questions to be addressed on how to decide from a subset of single
molecules how heterogeneous the system is in time. The important
distinction we make is between space (structure)-dependent and time
(rate)-dependent heterogeneity of anomalous translational diffusion of
freely diffusing macromolecules [1, 2], with the exponent o for spatial
heterogeneity and the exponent y for temporal heterogeneity [1, 2]. To
our best knowledge, experiments have never measured a value a solely
due to cellular crowding.

For the first time, Klafter et al. [37] and Foldes-Papp et al. [1] pro-
posed independently and simultaneously that subdiffusive mechanisms
of mixed origins can coexist. Complex situations, e.g. when a particle
moves in a percolation structure, in a tortuous channel, if it is a part
of the large molecule, or if it gets trapped [38], lead to subdiffusion
of mixed origins [37], which is indeed observed experimentally [2, 1,
39]. This new physical concept of anomalous translational diffusion is
problematic, but it is verified in this paper. We separate both exponents
a and vy in experiments and simulations and examine the heterogeneity
of trajectories produced by interval transformations. Let an interval

transformation 1 |70a l—l - IVO, 1—| be called the continuous function
for the time steps in the continuous waiting time distribution (CTRW)
of the 3D random walk that is performed on a generalized Sierpinski
carpet (underlying fractal structure). The transformation 7 denotes that
it is just the inverse Gamma distribution or a stable Levy distribution of
the variable time (Table 2). In the simulations, there are a finite number
of time intervals (time steps) such that the interval transformation is
monotone and continuous. Thus, the interval transformation preserves
the given order of time steps. The focus of this paper is to show that

the martingale {<a>sub v } is bounded (see Fig. 3). The martingale

is defined by a sequence of random variables of the exponents <a >m,,
and y for which the expectation of the next value in the sequence is equal
to the present observed value. In order to avoid frequent normalizing
by logarithms, we henceforth take all logarithms to base e,

log[e*]=In[e*]=log, [e"]:=x.

Using a combination of optical experiments and computer simu-
lations, we consider the glucocorticoid receptor a (GRa). GRa is a
ligand-regulated transcription factor, a member of the nuclear receptor
superfamily that regulates a variety of physiological functions. It is
widely thought that unliganded GRa primarily localizes in the cytoplasm
as part of a multiprotein complex that includes chaperone proteins and
immunophilins [40-42]. Upon ligand binding, GRa is translocated to
the nucleoplasm in the nucleus, where it works either as a homodimer
that binds to positive or negative glucocorticoid response elements
(GRE) located in the promoter regions of target genes or as a monomer
that cooperates with other transcription factors to induce transcription
[43-46]. In this article, we show that GRa is either a homodimer or a
monomer in the nucleus depending on the presence or absence of the
stimulus dexamethasone.

The same acronym is used for fluorescence fluctuation spec-
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troscopy and fluorescence correlation spectroscopy (FCS). These
terms have the same meanings and, therefore, we use the same
terminology throughout the manuscript, for example, fluorescence
correlation spectroscopy.

Basic theory of anomalous subdiffusive motion (trans-
port) in live cells

In uniform Euclidean systems, the mean-square displacement MSD
of a random walker is proportional to the time t for any number of spa-
tial dimensions d. However, in disordered systems, this physical law
is not valid in general, and the diffusive law becomes anomalous and
subdiffusive, respectively, as given by Eqn. 1 [1, 2, 37-39].

(MSD(t))=T, 1" o t*
. (Eqn. 1)

A linear dependence, i.e. a =1, is a fingerprint of normal transla-
tional diffusion in dilute or very dilute solution. Any other value of a
corresponds to anomalous translational diffusion. Here, we focus on
subdiffusion, i.e. 0 < o < 1. Subdiffusive motion can appear due to
geometric and/or energetic disorders [2]. An example of geometric
restraints is molecular crowding in living cells.

In order to take account of temporal randomness of molecular in-
teraction, i.e. time (rate)-dependent sources of anomalous translational
diffusion behavior, we performed the 3D random walks on fractal support
as a continuous time random walk (CTRW). The diffusive law becomes

(MSD(t))oct” =17
. (Eqn. 2)
The new and important feature of Eqn, 2 is that the spatial and tempo-
ral coordinates are decoupled [1]. The exponent o now quantifies the
crowding conditions and the exponent y the temporal heterogeneity.
Fluorescence-based techniques, such as fluorescence correlation
spectroscopy (FCS) enable protein-protein interactions to be spatially
and temporally resolved in live cells [22, 29]. The auto- and dual color
cross-correlation functions for fluorescence intensity fluctuations [24,
26] can be written in terms of subdiffsion as follows [2, 1]:

G(r)=—. 1+[1J : 1+[i2)(ij
N T, s T,
(Eqn. 3)

where T, is the translational diffusion time, s the geometric param-
eter of the laser focus, dim = 3 stands for 3-dimensional measurements
in the cytoplasm or the nucleus of live cells, and t is the correlation
time of the fluorescent molecules (time scale of diffusive motion). DC
is the limiting value of G(t) for 7 — oo, which is usually 1 for the
normalized fluorescence intensity function G(t). We get o when we fit
Eqn. (3) to time traces that are recorded for a subpopulation of single
molecules of the same kind without interacting partner, e.g. without
ligand, in the crowded environment of a living cell and its cellular
compartments. Knowing the crowding parameter o for the cell type
as well as the cellular compartment, the heterogeneous parameter y can
be extracted from the measurements in the presence of the interacting
reaction partner, e.g. ligand, for the same (fixed) o value.

y 7(dim72)/2

+DC

MATERIALS AND METHODS

Chemicals and plasmids

Dexamethasone (Sigma) was prepared as 100 uM ethanol solutions,
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and diluted with Opti-MEM (GIBCO) to 10 uM just before use.
Three pL of the ethanol/Opti-MEM solution were added to 300 pL of
culture medium. The construction of the plasmids used is described
elsewhere [41].

Cell culture, transient transfection and preparation of
cell extracts

Mammalian U20S cells do not express endogenous GRa. U20S
cells were obtained from ATCC, and maintained in a 5% CO, humidified
atmosphere at 37°C in McCoy’s SA Medium (GIBCO) supplemented
with 10% Charcoal Stripped FBS (GIBCO). Cells were subcultured
every 3 or 4 days. A day before transient transfection, cells were plated
on LAB-TEK 8-wells chambered coverslips (Nalge Nunc Interna-
tional) to provide 10000 cells per wells, and were transfected using
Optifect (Invitrogen) with 100 ng/well pEGFP (monomeric GFP) or
pEGFP-hGRa (monomeric GFP fusion with the human GRa) according
to the manufacturer’s instructions.

FCS measurements

Fluorescence correlations spectroscopy (FCS) also called fluores-
cence fluctuation spectroscopy [12, 13, 15, 16, 24] is traditionally a
solution-phase, optical methodology that uses a very thin laser beam to
detect the random Brownian motion of a fluorescent-labeled molecule
in a tiny volume of solution (or membrane) no bigger than the laser
beam aimed through it (about one femtoliter) [22, 24, 26]. The FCS
analysis is performed by using correlation functions like the autocor-
relation function of fluorescence intensity fluctuations or the dual color
cross-correlation function of fluorescence intensity functions in two
colors that is mathematically of the same type as the autocorrelation
function ([24, 26], and references cited therein), although other ap-
proaches have been proposed and are used. The field was started by
Magde, Elson and Webb in 1972 [47]. Eigen and Rigler first resolved
technical and conceptual limitations of FCS by using confocal pinholes
[48]. Today, FCS for recording fluorescence fluctuations at single points
is a mature and sophisticated technology.

The FCS measurements in the cell nucleus were performed with a
LSM710-ConfoCor3 system (manufactured by Carl Zeiss Inc.) before
and 30 minutes after addition of dexamethasone. Each set of FCS mea-
surements was carried out five times with a measurement time of 15 s.

FCS data

Transfection of U20S cells with monomeric GFP and subsequent
FCS measurements in the nucleus yielded the crowding exponent
without any interaction part: o= 0.87958 + 0.0044 (all diffusive time
scales), o = 0.95294 + 0.01027 (diffusive time scale 0.1 - 1 ms), o =
0.90001 + 0.03913 (diffusive time scale 1 - 10 ms). The 0.01 - 0.1
ms timescale is too small to extract reliable values for the anomalous
motion.

The constructed plasmid of the monomeric GFP fusion with the GRa
(pEGFP-hGRo, GRo-GFP) was transiently transfected into U20S cell
and is expressed in the nucleus. The subsequent FCS measurements
were performed in the nucleus of the U20S cell without dexamethasone
stimulus (DEXminus) and after dexamethasone stimulus (DEXplus).

Simulations

The approaches that we use are random walks on a three-dimensional
(3D) fractal support and continuous time random walks (CTRW) [37,
49]. Both approaches aim on the clarification of the interrelation of
random processes connected with real translational diffusion phenom-
ena observed in experiments. The majority of work found in literature,
however, is restricted to one dimensional or two dimensional systems
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[37, 50]. Only a few articles deal with the real and three-dimensional
problem [51].

Our algorithms described in detail in refs. [1, 2] treat every walker
as a single unit that performs a random walk over the 3D Sierpinski
carpet (generalized three-dimensional Sierpinski carpet). It is a random
walk on a fractal 3D structure (RWF). The movement of each individual
walker at each time step is controlled, independently for each degree

of freedom, by a step size and by a probability distribution P (¥ )
with probabilities that determine in which direction the walker takes
a step, i.e. how the steps are distributed. In a simple discrete random
walk, the walker advances one step in unit time. Each step is taken
to a nearest neighbor of the site. The simple random walker can step
with equal probability to any of the nearest neighbor sites that belong
to the grid. There are several ways of assigning transition probabilities
for stepping from site to site. The motion of the Brownian molecule is
generated with a random number generator delivering pseudo-random
numbers used for the steps in all three spatial directions. We generate
a random Brownian walk by randomly selecting steps in the three
coordinate directions. The three coordinate directions are generated
by a permutation (for details, see ref. [1]).

In addition, in a three-dimensional (3D) RWF with a continuous
waiting time distribution (CTRW), the molecule has to wait for a time
on each site of the fractal before performing the next step. This wait-
ing time is a random variable independently chosen at each new step
according to a continuous distribution. The waiting time distribution is
independent of the location of the molecule, i.e. we decouple spatial and
temporal coordinates. One can think about this process as a diffusive
motion among traps, but the trapping time will change for each site on
the lattice if this site is visited again during the random walk. In our
case, the Inverse Gamma distribution and a stable Levy distribution are
used as waiting time distributions for which the assumption that they
are stable and have probability density functions was satisfied. The
probability to perform n steps during time t is denoted by , (t), which
is related to the waiting time-distribution by the Laplace transform (for
details, see ref. [1]). This probability y (t) is needed to analyze the MSD
for a random walk on a fractal carried out as a CTRW.

The finger print of RWF is its mean square displacement (MSD).
The MSDs on 3D random walks on the fractal support of a generalized
Sierpinski carpet are shown in Figures 1 and 2. This distribution of
scaling exponents renders a system inhomogeneous: an ensemble of
simple diffusers with different translational diffusion coefficients at
a fixed time exponent y =0.81398 (Fig. 1) and a fixed time exponent
v=0.60497 (Fig. 2). Since a and v satisfy 0 < a, y < 1, so does the
product o times y and the diffusive motion is thus subdiffusive.

RESULTS AND DISCUSSION

Mammalian U20S cells do not express endogenous GRa. The FCS
measurements of the monomeric GFP expressed in the nucleus of
U20S cells yielded the crowding exponent a in the nucleus without any
interaction part: o = 0.87958 £+ 0.0044 (all diffusive time scales). We
fitted Eqn. 3 for the parameter a for a population of single molecules
without interaction partner/ligand. The measured FCS parameters of
GRo-GFP in the nucleus of mammalian U20S cells are depicted in
Table 1. We controlled the experiments to ensure the existence or
the lack of the reaction partner dexamethasone. The parameter y was
extracted from the measurements in the absence and presence of the
interacting reaction partner dexamethasone. Over all diffusive time
scales, we obtained in this way a good guess for the crowding exponent
o and the time exponent y.
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Figure 1. Simulations of MSD(t) versus t of 500 tracks (sample size) in
an observation volume of AV= 0.2 fL. The simulations were performed
with different geometric fractional structure a at a fixed time exponent
vy =0.81398 that is the measured value of GRa-GFP in the nucleus of
mammalian U20S cells found before stimulus with dexamethasone. The

resulting mean scaling exponent <a>sub is listed on top of the plots. The
a value, which was used in the generation of the stochastic tracks and

from which the value <05>Sub was derived, is also given on top of each
plot. All calculations were performed by three-dimensional RWF with the
inverse gamma function as CTRW (see Table 2). For detailed explanation
see main text.

Figure 2. Simulations of MSD(t) versus t of 500 tracks (sample size) in
an observation volume of AV= 0.2 fL. The simulations were performed
with different geometric fractional structure a at a fixed time exponent

¥=0.60497 that is the measured value of the GRa-GFP in the nucleus of
mammalian U20S cells found after stimulus with dexamethasone. The

resulting mean scaling exponent <a>sub is listed on top of the plots. The
a value, which was used in the generation of the stochastic tracks and

from which the value <05>sub was derived, is also given on top of each
plot. All calculations were performed by three-dimensional RWF with the
inverse gamma function as CTRW (see Table 2). For detailed explanation
see main text.

The experimentally measured exponents a and y of Table 1 are av-
eraged over many single molecules of the same kind. We have shown
before [1] that the ergodicity is either unbroken or it is indistinguishable
from broken ergodicity under such condition at the single-molecule

J Biol Methods | 2014 | Vol. 1| e3
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level. The origin of the slow and intracellular translational diffusion
of GR in the nucleus is still in discussion, but some part of diffusion
is involved from interactions with chromatin [52, 53]. We next used
simulations of subdiffusive, i.e. anomalous, intracellular translational
diffusion to understand how space and time heterogeneity might slow

down the translational diffusive transport of a macromolecule such as
GRa-GFP in the nucleus of mammalian U20S cells. As given in Table
2, our simulations were based on the conditions of the measurements
summarized in Table 1.

Table 1. Measured FCS parameters in the nucleus of mammalian U20S cells that expressed the fusion protein of GRa-GFP. The rate of translational
diffusion is expressed by the translational diffusion time 1 in the absence and presence of dexamethasone. f stands for fixed values in the FCS data fits.

The parameter}7 isgivenby a -y = ;7 . For explanations, see main text.

The plots of simulated mean-square displacement MSD(t) versus t

are depicted in Figures 1 and 2. MSD% is the mean distance from the
starting point, e.g. in pm, that GRo-GFP in the nucleus of mammalian
U20S cells will have diffused in time, t. t is given in time steps covering
arange from about 10 ps to 100 ms. The simulations of Figures 1 and 2
were performed at a fixed time exponent y=0.81398 that is the measured
value of the GRa-GFP in the nucleus of mammalian U20S cells found
before stimulus with dexamethasone (Fig. 1) and at a fixed time exponent
v=0.60497 that is the measured value of GRa-GFP in the nucleus of
mammalian U20S cells found after stimulus with dexamethasone (Fig.

2). Since <0{ > sup Tesults from an averaging process that is defined as
minimization (see equation (12) in ref. [2]), we need reference values

a to be able to estimate the variation of <0! >Sub . The properly chosen
a value is given on top of each plot in Figures 1 and 2. The values of
a are consistent with experimental results. For a detailed discussion of
the parameters and their relation among each other see ref. [2]. In order
to physically interpret the experimental results of Figures 1 and 2, we
shall show that the molecular system is invariant under transformation
T for the time steps in the continuous waiting time distribution (CTRW)
of the 3D random walk performed on a generalized Sierpinski carpet
(underlying fractal structure).

Let us now formulate the kind of problem we tackle here. A subdif-
fusive path of a molecule can make an up-move, another path makes
a transverse move. One may compute independent realizations of a
random walk where the following unknown quantities of paths occur:
the number of up-moves, the number of transverse moves, the number
of shared up-moves, the number of shared transverse moves, the num-
ber of simultaneous moves with the same starting point of which one
is up and the other is transverse, and so forth. This projection reflects
the fact that nearby trajectories of molecules do not necessarily arrive
at the same space point at the same time. Are these realizations of a
random walk equal, and if not can they be evaluated? The problem is
verified as follows.

In Figure 3, we used two different continuous functions for the
distribution of time steps at which the various combinations of events
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(moves) occur in the realizations of a random walk of molecules, namely
a stable Levy distribution and the inverse Gamma distribution. There is no
evidence that the two distributions (Levy distribution and inverse Gamma
distribution) used in the simulations behave differently. We found that
3D single-molecule trajectories are represented by a stochastic process
for martingale limits, i.e. upper and lower boundary values of the mean

crowding exponent <0{ >Suh and the temporal heterogeneity exponent .

<a >sub fluctuates in an intrinsically irregular and erratic manner, and

grows endogenously like a slow varying function {<a>sub v } within
those boundary values. In the continuous-time martingale with respect

to the stochastic function {<a>sub v } , it is a stochastic process such

that the expectation of the next value in the sequence {<0( > Y4 } is
equal to the present observed value even when all the values observed

previously are known. The upper bound of the crowding <0{ >Sub rep-
resented in the data of Figure 3 by the different generators g 12, g 18,
and g_24 [1], increases if the geometric fractal becomes more dense.

There is also a change in the slope of {<a>sub e } for smaller values of
v when the graph starts compared to greater values of y when the graph
ends. In fact, we have scaling in the time domain and we have scaling
in the spatial domain. However, the averaging of the spatial exponent
a implicitly uses the value of the temporal properties. What matters
most are not the details of the microscopic interactions, but rather the
nature of the paths along which order is propagated from one molecule
to another distant molecule. Complex interactions can lead to simple
results. This is particularly true for systems formed of many interacting
subunits where unbroken ergodicity becomes indistinguishable from
broken ergodicity [1].

Hence, the anomalous translational subdiffusion describes spatial
and heterogeneous (temporal) randomness in cellular systems as it
was proposed by us in ref. [2]. Simplified in vitro FCS-models of the
intracellular environment [28], in which crowding and binding are
tuned independently, are not a useful tool to gain insight into molecular
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transport implicated in key cellular processes in live cells [46].

In the simulations, we took the measured exponents for spatial and
heterogeneous (temporal) randomness, i.e. a and y, and analyzed the
mean-square displacement. After the receptor is bound to glucocorticoid
(dexamethasone), the homodimer receptor-glucorticoid complex can
take either of two pathways. The activated homodimer GR complex
up-regulates the expression of anti-inflammatory proteins in the nucleus
or it represses the expression of pro-inflammatory proteins in the cytosol
by preventing the translocation of other transcription factors from the
cytosol into the nucleus [54].

Our point of view [55-57, 1, 2] is something different from the
work of Enrico Gratton and his colleagues on pair-correlation, which
is used to detect diffusional barriers [58-61]. The method of spatial
pair-correlation (pCF) is substantially different from the conventional
FCS method. In pCF, diffusion is measured by the average time par-

ticles (molecules) take to travel between two points as the position of
the two points is arbitrary. A laser beam is moved rapidly to different
locations in a repeated pattern, e.g., a line, circle, or grid. The entire
pattern is repeated in approximately 1 to 10 ms. If there is a barrier to
diffusion that may called trap, the particle goes around the obstacle or
passes over the barrier. The maximum of the spatial pair-correlation
function (pCF) will be found at a longer time than in the absence of a
barrier. By mapping the time of the maximum of the pCF for every pair
of points in the image, the location and the size of the obstacles can
be visualized. By fitting the series of correlation functions, the actual
protein “diffusion law” can be obtained directly from imaging, in the
form of a mean-square displacement vs. time-delay plot [59]. Future
advances in the spatial pair correlation approach will involve the devel-
opment of better detection methods and the development of techniques
for three-dimensional correlations for the cellular environment [58].

Figure 3. Simulation of 500 tracks (sample size) in an observation volume of AV= 0.2 fL for each type of transformations (CTRW) in A, B and
C. A-C. Different generators (fractal supports) of the 3D Sierpinski carpet were used (see ref. [1], Table 2 therein). a is a consequence of the chosen
generator of the 3D Sierpinski carpet [1]. The less the exponent a, the higher the geometric crowding of the underlying structure of translational motion.

Simulated data are depicted for different time exponents vy at different mean scaling exponents <a>sub . For explanations, see main text.

Many theoretical models of molecular interactions as well as bio-
chemical and chemical reactions in dilute solution and live cells are
described on the single-molecule level — although, our knowledge about
the biochemical/chemical structure and dynamics mostly originates
from investigations of many-molecule systems [62, 63]. At present,
there are four experimental platforms to observe the movement and the
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behavior of single fluorescent molecules: wide-field epi-illumination,
near-field optical scanning, and laser scanning confocal and multipho-
ton microscopy. The platforms are combined with analytical methods
such as fluorescence resonance energy transfer (FRET), fluorescence
auto- or dual color cross-correlation spectroscopy (FCS), fluorescence
polarizing anisotropy, fluorescence quenching and fluorescence lifetime

J Biol Methods | 2014 | Vol. 1| e3
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measurements. The concept of fluctuations due to the same molecule was
theoretically and experimentally developed in recent years [55, 57, 8,
9,18, 35,36,27,12,13,62,63, 1, 2]. Under conditions in which only
one molecule is present in the observation volume being sampled, we
have shown that it is possible to measure correlations due to the re-entry

of the same molecule in the volume of illumination. The meaningful
time [57, 55, 35, 36, 9] is the physical parameter that enables to learn
some characteristic signatures of the same single molecule in solution
and live cells.

Table 2. Measured exponents of anomalous translational diffusion in the nucleus of mammalian U20S cells and their simulations.

Conclusions

A FCS-based method for the measurement of anomalous subdiffusion
is described, as previously developed [1, 2]. In this original article, we
used the FCS method to study the movement of GRa~-GFP in U20S
cells. We also simulated diffusion with random spatial and temporal
traps with the Inverse Gamma distribution and Levy distribution. The
results indicate that it is possible to separate the spatial subdiffusion
from temporal subdiffusion.

We found that live cells act as traps to produce anomalous subdiffu-
sive translational motion of molecules. We have first shown here that
calculations of the space exponent a from time series are possible with
the use of reliable values of the time exponent y. Averaged values of
the time exponent y have only limited abilities because y is a measure
for limited time scaling. In particular, spurious exponents y may arise
from the embedding complex dynamics and should be distinguished
from the real exponents y measured on all time scales of the complex
dynamical system. Hence, both exponents must not be mixed up by a
single exponent. Fluorescence correlation spectroscopy (FCS) is the
method of choice for measuring the exponents of anomalous subdif-
fusive translational motion of molecules in live cells as demonstrated
here for the first time.
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