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Abstract

Single-molecule imaging of proteins in a 2D environment like membranes has been fre-
quently used to extract diffusive properties of multiple fractions of receptors. In a 3D envi-
ronment the apparent fractions however change with observation time due to the
movements of molecules out of the depth-of-field of the microscope. Here we developed a
mathematical framework that allowed us to correct for the change in fraction size due to the
limited detection volume in 3D single-molecule imaging. We applied our findings on the
mobility of activated glucocorticoid receptors in the cell nucleus, and found a freely diffusing
fraction of 0.49+0.02. Our analysis further showed that interchange between this mobile
fraction and an immobile fraction does not occur on time scales shorter than 150 ms.

Introduction

Since the initial camera-based observation of the diffusion of individual molecules in artificial
membranes [1], single-molecule imaging technology has yielded a plethora of novel insights
into the behavior of proteins and other membrane constituents in vitro [2-4], in cellulo [5-11]
and in vivo [12]. Single-molecule microscopy has been of great importance to quantify the dif-
fusive properties of membrane constituents. Diffusive properties consequently report faithfully
about the local structural properties of the membrane, the activation state of signaling path-
ways [13], transport of membrane components [14], or cellular regulation processes [15,16].
For a homogeneous system in equilibrium, one would predict that the ensemble-averaged
mobility is hence governed by multiple populations, each reflecting a distinct molecular state
of its components. Indeed, experimental verifications of this prediction have ubiquitously been
found. Whether particle-averaged mean-squared displacement analysis [17], molecular step-
width distributions [18] or molecular squared-displacement distributions [19] were analyzed,
multiple populations have always been found in the analysis of receptor mobility in cells.
Given that single-molecule imaging permits to follow processes in time, there have been
many attempts to find transitions between states i.e. transitions in diffusive behavior. Those
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Fig 1. Imaging of diffusing fluorophores inside the nucleus. Since the depth of focus (DOF = 750 nm) is shallow, molecules can diffuse in and out of the
observation volume. This will deplete the relative contribution of the fast diffusing fraction to the analysis.

doi:10.1371/journal.pone.0141080.g001

should show up as change in the fraction size of different mobility when changing the time of
observation. Using gold [14] or quantum-dot labeling [20] of individual components, or by
labeling larger structure like liposomes [21] long time scales could be covered and switching
behavior has been observed.

Spurred by the success of single-molecule imaging in membrane biology and biophysics, in
recent years the technology has been further developed to permit single-molecule observations
of proteins in the 3D environment inside live eukaryotic cells [18,22,23]. In those experiments
individual proteins were imaged over time, their position analyzed in 3D to sub-wavelength
accuracy [24], and subsequently the mobility analyzed by step-length analysis. Similar to the
membrane constituents, mobility of cytosolic proteins appeared inhomogeneous and fractions
of different mobility were identified. Various research groups [18,22,23] realized that, unlike
when imaging on the 2D membrane surface, the apparent fraction size of the various compo-
nents depends on observation time. This is due to movements of molecules out of the depth-
of-field of the observation volume: fast molecules will disappear faster compared to slow
molecules (Fig 1). Given typical values for the depth-of-field of 1 um for both wide-field
[18,23] or selective-plane [22] illumination and typical diffusion constants of cytosolic proteins
of 10 um?/s, the residency time of a molecule within the observation volumes reduces to <50
ms. Hence, in those earlier reports fraction sizes for short time-lags of 6.5 ms and 20 ms,
respectively, were reported to avoid any 3D artifact [18,22,23].

Here we present a mathematical framework that can correct for the change in fraction size
due to the limited detection volume in 3D single-molecule imaging. We applied our findings to
data on the mobility of activated glucocorticoid receptors (GR) in the nucleus of monkey kid-
ney (COS-1) cells. Our analysis showed that fraction sizes remain constant in the time-lag
range from 6.5 ms to 150 ms, thus showing that switching between fractions occurs on longer
time scales.

Methods
Cell culture

To measure the diffusive properties of GR-eYFP COS-1 cells (acquired from ATCC) were cul-
tured on coverslip glasses and transfected using X-tremeGENE (Roche, 500 ng DNA / 10 cm?)
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according to the manufacturers protocol. Three to six hours prior to measurement 1 pM dexa-
methasone (final concentration, Sigma-Aldrich) was added to the cells. Measurements were
carried out at 37°C.

Single-Molecule Imaging

Imaging of individual GR-eYFP was performed as described earlier [23]. In brief 1200, frames
per cell were taken on an inverted wide-field fluorescence microscope (Axiovert 100TV) using
a 100x/1.4NA oil-immersion objective (Zeiss). A region of interest of 50x50 pixels was selected
(pixel size of 202 nm in the image plane). Cells were illuminated with 514 nm by a DPSL laser
at an intensity of 2 kW/cm? (Coherent Sapphire). The exposure time was kept constant at 3 ms
and the time lag between two images varied between 6.25 and 75 ms by means of an acusto-
optical tunable filter (AA optoelectronics). 45 cells were measured with 6.25 ms time lag
between frames. 20 cells were measured with 25 ms lag time between frames. 16 cells were mea-
sured with 50 ms between frames. 16 cells were measured with 75 ms between frames.

The fluorescence signal from individual eYFP molecules was captured on an emCCD
(Princeton Instruments, Trenton, NJ) using a combination of filters (DCLP530, HQ570/80
(Chroma Technology, Brattleboro, VT) and OG530-3 (Schott, Mainz, Germany). In order to
obtain short acquisition times between frames of 6.25 ms the camera was run in kinetics-mode
that permitted to capture 8 consecutive frames on the camera chip before being digitized. Sub-
sequently, signals were fitted with a 2 dimensional Gaussian using a custom algorithm in
Matlab [25]. The position of the molecules was obtained from the fitting parameters to an aver-
age accuracy of 3449 nm. The 2D distance between localizations could therefore be obtained
with an accuracy of 68 nm.

Particle image correlation spectroscopy (PICS) analysis

At high densities a tracking algorithm mixes trajectories. The previously described method of
particle image-correlation spectroscopy (PICS) circumvents this problem and is often used to
analyze membrane diffusion [26].

In PICS the cumulative distribution function (cdf) of squared distances between frames sep-
arated at a given time-lag is calculated from the position data. The drop of the cdf at short dis-
tances reflects the mobility of molecules [26]. For a mobility characterized by diffusion the
drop follows an exponential [19]. As has been reported earlier by us [27], the drop is faithfully
described by a bi-exponential, which reflects the bi-modal behavior of the receptor: a freely dif-
fusing receptor and an immobile, bound receptor.

For each measurement multiple time-lags are obtained by correlating not only subsequent
frames but also further frames. However, due to photo bleaching the gap between frames can-
not be increased indefinitely. Hence, the 6.25 ms dataset was analysed up to 5 steps (6.25-31.25
ms), the 25 ms dataset was analysed up to 4 steps (25-100 ms), the 50 and 75 ms datasets were
analysed up to 2 steps (50-150 ms).

Depth of field calibration

The depth of field (DOF) is defined by the axial offset of a point-object from the focal plane at
which the width is increased by a factor /2 [28]

o(z) =0,4/1+ (DLOF)Z (1)
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Eq (1) shows how the width, o, of the PSF changes with the axial distance z from the focal
plane. o, is the width at the focal plane. Combining Eq (1) with the expression for the width at
focus one obtains an equation for DOF, which only includes o, and the wavelength of light, A
[28]:

2
DOF =22 % 2)
A

To experimentally obtain the DOF, eYFP molecules were coated on a glass slide. The sample
was imaged for different axial positions of the objective by means of a piezo-actuator (PiFoc,
PI). The fluorescent signal of single eYFP molecules was subsequently fitted [1]. From the fit
the peak-width was obtained. The relation between axial position and peak-width was subse-
quently fitted as given by Eq (1) [25]. From this experiment the width at focus of 6y = 263 nm
and the DOF = 750 nm, as defined by the axial position at which the width increases by /2,
was determined (Fig 2). The experimentally determined DOF is in agreement with that pre-
dicted from Eq (2) of 790 nm, given the experimental value for o, and the emission wavelength
of eYFP (550 nm).

In all further analysis localizations originating from fluorescent signal of width larger than
v/2 X 263 nm = 372 nm were discarded.

Results

Analytical solution for correction of fraction size in 3D diffusion with
limited detection volume

Since the width of the point-spread-function (PSF) increases with increasing distance to the
focal plane, the signal from an out-of-focus object will be spread out over a larger region of the
detector and the signal to noise ratio will decrease concomitantly. Therefore the detectability of
a molecule is limited to a small distance from the focus defining the depth of field (DOF). The
DOF was measured to be 750 nm (Fig 2). With respect to detailed mobility analysis that
includes various fractions, the limited DOF will result in a bias towards the slowest fraction.
Fast diffusing molecules will have a higher chance of diffusing out of the DOF than slow diffus-
ing molecules. Therefore they will have a smaller contribution to the cumulative distance
distribution.

In what follows we derive an analytical solution for a system that consist of two fractions of
diffusing objects characterized by diffusion constants D, and D,, and fractions o and 1-0,
respectively. The description can easily be expanded to include more fractions.

For a molecule that is localized at axial position z, the probability density for its axial loca-
tion z after a time t, with a diffusion constant of D is given by

1 (z-2)?

e 3
v4nDt 3)

pdf(z,z,,D,t) =

Hence, the probability to stay within the DOF of length L is given by:

'L 1 (z=2)? 1 z L—z
— ¢ &« dz — — er; %0 + er <70> ) 4
/o\/4*n*D*t 2( f(\/4>kD>kf> / V4axDxt )

with erf being the error function. Further integration over the start position z, from 0 to L
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Fig 2. Calibration of the depth of field (DOF). eYFP was coated on a glass slide and the objective was moved by a piezo scanner (S1 Fig Data). The
resulting peak-widths were fitted as previously described [25]. The data were subsequently fit to Eq (1) yielding the signal width at focus, 0 o = 263 nm and the
DOF = 750 nm. All data characterized by a width larger than /2 x 263 nm = 372 nm (dashed line) were discarded from further analysis.

doi:10.1371/journal.pone.0141080.g002

results in the average probability to stay within the DOF:

= L v4xD 12
P(L,D,t) = erf < ) T il ! (e’w*r - 1) (5)
V4dsxDxt Lyn
Which finally leads to:
P*erf(f)+i(e’f271) f*# (6)
N f\/7_T o V4axDxt

Eq (6) describes the probability for a molecule that started inside the DOF to still reside within
DOF after time t. Fig 3 shows the functional form for a realistic DOF of 750 nm and imaging
time from 6.4 to 100 ms. The probability strongly depends on D, reducing even for short
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Fig 3. Result of Eq (6) for DOF = 750 nm and four different time lags, t (S1 Fig Data). For a diffusion constant of D = 2 um?/s the probability to reside
inside the DOF aftert= 10 ms is 0.79, whereas for D = 0.1 mm2/s the probability is 0.97.

doi:10.1371/journal.pone.0141080.9003

imaging times of 6.4 ms from P(0.1pum?/s) = 0.96 to P(2um?/s) = 0.83, the range of diffusion
constants typically reported. Following Eq (6) this effect becomes even more pronounced for
longer imaging times.

In what follows we describe how Eq (6) is used to calculate the actual fraction size from
imaging data in the case of multi-modal inhomogeneous diffusion data. By PICS analysis D;,
and the apparent fraction size, o, are obtained. Together with Eq (6) the real fraction sizes, f3;,
are obtained:

X
ﬂi:§7xi:aipi (7)

As required, both real and apparent fraction sizes are normalized quantities oy = X; = 1.
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For a two-component system Eq (7) simplifies to:

oP,

p= (1 —a)P, +aP,

(8)
where P refers to the faction with diffusion constant D,, and 1-P the fraction with diffusion
constant D;.

Validation of the correction by simulations

To prove the correction method Monte-Carlo simulations were performed. 3000 molecules
were split in two equal fractions, B = 1-f = 0.5. The fractions were characterized by diffusion
constants of D; = 2 pix*/frame and D, = 0.05 pix’/frame, respectively. Those values were cho-
sen based on values typically found for diffusion of proteins in mammalian cells, and in partic-
ular are equivalent to the values for the bound and unbound fraction of the glucocorticoid
receptor in the nucleus (2 and 0.5 um?/s) reported earlier [23]. The objects used in the simula-
tion were free to diffuse for 100 frames in a cube of 100x100x100 pixels. Circular boundary
conditions were applied. In order to set a DOF, only molecules within a slice of 5 pixel width
(i.e. 1 um) at the centre of the cube were considered.

Particle image correlation spectroscopy (PICS) utilizes the distance distribution of the dif-
fusing particles. To analyse the simulation the distances originating from fast diffusing objects
were summed and divided by the total number of distances found. The observed fractions were
extracted for time lags of 1 to 10 frames. Fig 4 shows the result of this analysis (blue data). The
apparent fraction size of the fast fraction decreased from 0.46+0.01 at the first time lag to 0.36+
0.01 for the 10™ time lag. Subsequently Eq (8) was used to correct the data and calculate the
real fraction size. Fig 4 shows that our analysis faithfully follows the prediction and the real
fraction size remains constant at § = 0.500+0.007 over the whole range of time lags (green
data).

Validation of the correction using experimental data

To further prove our correction method we applied the model for the correction of experimen-
tally acquired life-cell data. The diffusion of the glucocorticoid receptor (GR) in live cells is a
well-documented example for mobility of multiple fractions in a 3D environment. The GR is
an member of the steroid receptor family [29-31]. It mediates the effects of natural as well as
synthetic glucocorticoids like dexamethasone and prednisolone, which are drugs known for
their anti-inflammatory activity that is beneficial to treat diseases like asthma and rheumatoid
arthrosis [29]. Upon activation by glucocorticoids the receptor translocates from the cytoplasm
to the nucleus. There it acts as a transcription factor. It binds to specific target sequences in the
DNA to activate gene transcription.

The targeted search mechanism along DNA that activate or repress gene activation by hor-
mone receptors like the GR has long been studied in theory and experiment [32]. The GR dis-
plays long immobilization times (2.3 s). The immobilized fraction probably reflects receptors
bound to DNA in order to activate transcription. In addition, the GR is found to also have
short immobilization times (0.7 s) [27]. Most likely the short immobilization times represents a
search mechanism that includes non-specific DNA binding [31]. Finally, approximately half of
the GR population shows fast free 3D diffusion [27].

Here we followed the wide-field single-molecule imaging strategy of Groeneweg et al. [27]
to analyze the diffusion properties of activated GR and extended our analysis up to 150 ms
time-lags. Obviously, our current approach does not discriminate between the short (0.7 s) and
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Fig 4. Simulation result that shows depletion of the fast fraction for increasing time lags (S1 Fig Data). The time lag is given by the number of frames
between detections. In blue the uncorrected result, in green the result after correction with Eq (8).

doi:10.1371/journal.pone.0141080.g004

long (2.3 s) immobilization times of the receptor due to the short time scale of the experiments.
Hence, only two fractions were distinguished, an immobile and a freely diffusing fraction.
Below briefly stated are the steps taken to obtain data on GR mobility, which are also
depicted in Fig 5. COS-1 cells were transfected with a plasmid encoding a YFP-labeled version
of the GR. The functionality of the plasmid has been tested previously [27]. Cells were stimu-
lated with 1 pM of dexamethasone which leads to efficient activation and translocation of the
GR to the nucleus. Subsequently, individual YFP-GRs were followed using single-molecule
microscopy in which a mid-slice of 750 nm thickness of the nucleus was imaged (Fig 5A; see
the DOF subsection in M&M). Individual GRs appeared as diffraction-limited images of a sig-
nal of 203+90 counts when illuminated for 3 ms at an intensity of 2 kW/cm” of 514 nm light
(Fig 5B). This signal allowed us to track the receptors at a lateral accuracy of 34 nm. The axial
position was lost as the camera imaged the 2D projection of the 3D slice in the nucleus.
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Fig 5. Single-molecule imaging and PICS analysis (S1 Fig Data). A: Signal of individual eYFP-GR molecules on an emCCD camera. B: The signal of an
individual molecule is fitted to a Gaussian yielding the position, the width and the strength of the signal. C: Distance calculation between molecules in
subsequent frames. D: Cumulative distribution function (cdf) of distances of molecules in subsequent frames correlated by diffusion.

doi:10.1371/journal.pone.0141080.g005

Subsequently PICS analysis was used to analyze the mobility of the GR (Fig 5C). In PICS
the cumulative squared-distance distributions (cdf) in subsequent frames is calculated from
position data (Fig 5D). The drop of the cdf at short squared-distances reflects the mobility of
the molecules [26]. For diffusion the drop follows an exponential [19]. As has been reported by
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Fig 6. PICS analysis of glucocorticoid receptor at different time lags (S1 Fig Data). In blue the uncorrected result. A decrease of the fast fraction is
observed. In green the result corrected by Eq (8) taking into account the DOF. The fast fraction stays constant for time lags at least up to 150 ms. Dashed
lines are linear fits to the data. Error-bars represent the standard deviation.

doi:10.1371/journal.pone.0141080.g006

us earlier [27], the drop is faithfully described by a bi-exponential, which reflects the bi-modal
behavior of the receptor: a freely diffusing receptor and a bound receptor.

PICS analysis was performed for time lags between 6.25 and 150 ms. For each time lag the
diffusion constant and apparent fraction size of the two components was determined. The dif-
fusion constants were found to be 0.67+0.1 and 0.043+0.004 um?/s for the fast and immobile
fraction, respectively. Our data are in excellent agreement to our earlier findings [27], and the
prediction for a free diffusion process. It should be noted that the immobile fraction found in
single-molecule experiments consist of two sub-fractions which can be distinguished only at
time-lags beyond 1 s as accessible by fluorescence recovery after photobleaching (FRAP) exper-
iments. In FRAP it was found that those two fractions reflect two binding modes of the
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receptor to DNA, are equal in size, and are characterized by immobilization times of 0.7 and
2.3 s, respectively [31].

As previously observed [27] the apparent fraction of the fast fraction o dropped from
0.46+0.02 at 6.5 ms to 0.37+0.02 at 150 ms (Fig 6, blue data). After correction to the real frac-
tion size, as given by Eq (8), it is obvious that the size of the two fractions does not change in
the time frame between 6.5 and 150 ms (Fig 6, green data). The real fraction size is constant
and amounts to = 0.49+0.02.

Even though the different mobility modes for various transcription factors have been
repeatedly reported, it has remained challenging to address the timescales on which switching
between the modes occurs [22,23,27,33-35]. The observed drop in fraction size in the uncor-
rected data could have been misinterpreted as an indication of switching behavior. However,
since in the corrected data the fraction size does not change with increasing time lag, we con-
clude that switching between the two modes does not occur within the time frame of 150 ms.

Conclusion

We showed that a depletion of fast mobile fractions is observed when multiple diffusive frac-
tions are analysed using imaging methods that have limited axial reach. We developed a mathe-
matical framework to correct for the experimental limitations that allowed us to calculate the
real fraction sizes. Results have been validated by simulation and applied to experimental data
of the activated glucocorticoid receptor in the cell nucleus. These results show that the reduc-
tion of the fast fraction with time lag, observed for the uncorrected data, is faithfully rectified
by using the novel correction method. The corrected data indicate that the size of the freely
diffusing fraction of dexamethasone-activated glucocorticoid receptors in the cell nucleus is
0.49+0.02. Since the corrected data show that this fraction size is constant for at least 150 ms
we conclude that the receptor does not switch between this freely diffusing and an immobile
(DNA-bound) state on this time scale. Thus, our theoretical framework not only allows the
determination of correct fraction sizes, but provides information on potential time scale for
exchange between various fractions.

Supporting Information

S1 Fig Data. All figure data are included as Matlab figure-files. The original imaging data
can be obtained from the corresponding author on request.
(Z1P)

Acknowledgments

This work is part of the research program of the Foundation for Fundamental Research on
Matter (FOM), which is part of the Netherlands Organization for Scientific Research (NWO).

Author Contributions

Conceived and designed the experiments: RH VIPK MJMS TS. Performed the experiments:
RH VIPK. Analyzed the data: RH VIPK. Contributed reagents/materials/analysis tools: RH
VIPK TS. Wrote the paper: RH VIPK MJMS TS.

References

1. Schmidt T, Schutz GJ, Baumgartner W, Gruber HJ, Schindler H (1996) Imaging of single molecule diffu-
sion. Proc Natl Acad Sci USA 93: 2926-9. doi: 10.1073/pnas.93.7.2926 PMID: 8610144

PLOS ONE | DOI:10.1371/journal.pone.0141080 November 10, 2015 11/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141080.s001
http://dx.doi.org/10.1073/pnas.93.7.2926
http://www.ncbi.nlm.nih.gov/pubmed/8610144

@’PLOS ‘ ONE

3D-Diffusion of the Glucocorticoid Receptor

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Funatsu T, Harada Y, Tokunaga M, Saito K, Yanagida T (1995) Imaging of single fluorescent molecules
and individual ATP turnovers by single myosin molecules in aqueous solution. Nature 374: 555-9. doi:
10.1038/374555a0 PMID: 7700383

Wennmalm S, Edman L, Rigler R (1997) Conformational fluctuations in single DNA molecules. Proc
Natl Acad Sci USA 94: 10641-6. PMID: 9380688

Lu HP, Xun L, Xie XS (1998) Single-molecule enzymatic dynamics. Science 282: 1877—-82. PMID:
9836635

Lill'Y, Martinez KL, Lill MA, Meyer BH, Vogel H, Hecht B. (2005) Kinetics of the initial steps of G protein-
coupled receptor-mediated cellular signaling revealed by single-molecule imaging. Chemphyschem 6:
1633—40. doi: 10.1002/cphc.200500111 PMID: 16082665

Schitz GJ, Kada G, Pastushenko VP, Schindler H (2000) Properties of lipid microdomains in a muscle
cell membrane visualized by single molecule microscopy. EMBO J 19: 892—-901. doi: 10.1093/emboj/
19.5.892 PMID: 10698931

Sako Y, Minoghchi S, Yanagida T (2000) Single-molecule imaging of EGFR signalling on the surface of
living cells. Nat Cell Biol 2: 168—72. doi: 10.1038/35004044 PMID: 10707088

Pinaud F, Michalet X, lyer G, Margeat E, Moore H-PP, Weiss S. (2009) Dynamic partitioning of a glyco-
syl-phosphatidylinositol-anchored protein in glycosphingolipid-rich microdomains imaged by single-
quantum dot tracking. Traffic 10: 691-712. doi: 10.1111/j.1600-0854.2009.00902.x PMID: 19416475
Lenne P-FF, Wawrezinieck L, Conchonaud F, Wurtz O, Boned A, Guo XJ, et al. (2006) Dynamic molec-
ular confinement in the plasma membrane by microdomains and the cytoskeleton meshwork. EMBO J
25: 3245-56. doi: 10.1038/sj.emboj.7601214 PMID: 16858413

Courty S, Luccardini C, Bellaiche Y, Cappello G, Dahan M (2006) Tracking individual kinesin motors in
living cells using single quantum-dot imaging. Nano Lett 6: 1491-5. doi: 10.1021/nl060921t PMID:
16834436

Giannone G, Hosy E, Levet F, Constals A, Schulze K, Sobolevski Al, et al. (2010) Dynamic superreso-
lution imaging of endogenous proteins on living cells at ultra-high density. Biophys J 99: 1303-10. doi:
10.1016/j.bpj.2010.06.005 PMID: 20713016

Schaaf MJ, Koopmans WJ, Meckel T, Noort J van, Snaar-Jagalska BE, Schmidt T, et al. (2009) Single-
molecule microscopy reveals membrane microdomain organization of cells in a living vertebrate. Bio-
phys J 97: 1206—14. doi: 10.1016/}.bp}.2009.05.044 PMID: 19686669

Lommerse PH, Snaar-Jagalska BE, Spaink HP, Schmidt T (2005) Single-molecule diffusion measure-
ments of H-Ras at the plasma membrane of live cells reveal microdomain localization upon activation. J
Cell Sci 118: 1799-809. doi: 10.1242/jcs.02300 PMID: 15860728

Kusumi A, Sako Y, Yamamoto M (1993) Confined lateral diffusion of membrane receptors as studied
by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured
epithelial cells. Biophys J 65: 2021—-40. doi: 10.1016/S0006-3495(93)81253-0 PMID: 8298032

Ueda M, Sako Y, Tanaka T, Devreotes P, Yanagida T (2001) Single-molecule analysis of chemotactic
signaling in Dictyostelium cells. Science (New York, NY) 294: 864—7. doi: 10.1126/science.1063951

Keijzer S de, Sergé A, Hemert F van, Lommerse PH, Lamers GE, Spaink HP, et al. (2008) A spatially
restricted increase in receptor mobility is involved in directional sensing during Dictyostelium discoi-
deum chemotaxis. Journal of cell science 121: 1750-7. doi: 10.1242/jcs.030692 PMID: 18469015

Dietrich C, Yang B, Fujiwara T, Kusumi A, Jacobson K (2002) Relationship of lipid rafts to transient con-
finement zones detected by single particle tracking. Biophys J 82: 274-84. doi: 10.1016/S0006-3495
(02)75393-9 PMID: 11751315

Kues T, Peters R, Kubitscheck U (2001) Visualization and tracking of single protein molecules in the
cell nucleus. Biophys J 80: 2954—67. doi: 10.1016/S0006-3495(01)76261-3 PMID: 11371468
Schitz GJ, Schindler H, Schmidt T (1997) Single-molecule microscopy on model membranes reveals
anomalous diffusion. Biophys J 73: 1073-80. doi: 10.1016/S0006-3495(97)78139-6 PMID: 9251823
Cambi A, Lidke DS, Arndt-Jovin DJ, Figdor CG, Jovin TM (2007) Ligand-conjugated quantum dots

monitor antigen uptake and processing by dendritic cells. Nano Lett 7: 970-7. doi: 10.1021/nl0700503
PMID: 17388641

Coppola S, Estrada LC, Digman MA, Pozzi D, Cardarelli F, Gratton E, et al. (2012) Intracellular traffick-
ing of cationic liposome-DNA complexes in living cells. Soft Matter 8: 7919-7927. doi: 10.1039/
C25M25532D PMID: 25152766

Gebhardt JC, Suter DM, Roy R, Zhao ZW, Chapman AR, Bssu S, et al. (2013) Single-molecule imaging
of transcription factor binding to DNA in live mammalian cells. Nat Methods 10: 421-6. doi: 10.1038/
nmeth.2411 PMID: 23524394

PLOS ONE | DOI:10.1371/journal.pone.0141080 November 10, 2015 12/183


http://dx.doi.org/10.1038/374555a0
http://www.ncbi.nlm.nih.gov/pubmed/7700383
http://www.ncbi.nlm.nih.gov/pubmed/9380688
http://www.ncbi.nlm.nih.gov/pubmed/9836635
http://dx.doi.org/10.1002/cphc.200500111
http://www.ncbi.nlm.nih.gov/pubmed/16082665
http://dx.doi.org/10.1093/emboj/19.5.892
http://dx.doi.org/10.1093/emboj/19.5.892
http://www.ncbi.nlm.nih.gov/pubmed/10698931
http://dx.doi.org/10.1038/35004044
http://www.ncbi.nlm.nih.gov/pubmed/10707088
http://dx.doi.org/10.1111/j.1600-0854.2009.00902.x
http://www.ncbi.nlm.nih.gov/pubmed/19416475
http://dx.doi.org/10.1038/sj.emboj.7601214
http://www.ncbi.nlm.nih.gov/pubmed/16858413
http://dx.doi.org/10.1021/nl060921t
http://www.ncbi.nlm.nih.gov/pubmed/16834436
http://dx.doi.org/10.1016/j.bpj.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20713016
http://dx.doi.org/10.1016/j.bpj.2009.05.044
http://www.ncbi.nlm.nih.gov/pubmed/19686669
http://dx.doi.org/10.1242/jcs.02300
http://www.ncbi.nlm.nih.gov/pubmed/15860728
http://dx.doi.org/10.1016/S0006-3495(93)81253-0
http://www.ncbi.nlm.nih.gov/pubmed/8298032
http://dx.doi.org/10.1126/science.1063951
http://dx.doi.org/10.1242/jcs.030692
http://www.ncbi.nlm.nih.gov/pubmed/18469015
http://dx.doi.org/10.1016/S0006-3495(02)75393-9
http://dx.doi.org/10.1016/S0006-3495(02)75393-9
http://www.ncbi.nlm.nih.gov/pubmed/11751315
http://dx.doi.org/10.1016/S0006-3495(01)76261-3
http://www.ncbi.nlm.nih.gov/pubmed/11371468
http://dx.doi.org/10.1016/S0006-3495(97)78139-6
http://www.ncbi.nlm.nih.gov/pubmed/9251823
http://dx.doi.org/10.1021/nl0700503
http://www.ncbi.nlm.nih.gov/pubmed/17388641
http://dx.doi.org/10.1039/C2SM25532D
http://dx.doi.org/10.1039/C2SM25532D
http://www.ncbi.nlm.nih.gov/pubmed/25152766
http://dx.doi.org/10.1038/nmeth.2411
http://dx.doi.org/10.1038/nmeth.2411
http://www.ncbi.nlm.nih.gov/pubmed/23524394

@’PLOS ‘ ONE

3D-Diffusion of the Glucocorticoid Receptor

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Royen ME Van, Cappellen WA van, Geverts B, Schmidt T, Houtsmuller AB, Schaaf MJ. (2014) Andro-
gen receptor complexes probe DNA for recognition sequences by short random interactions. J Cell Sci
127: 1406—16. doi: 10.1242/jcs.135228 PMID: 24481814

Holtzer L, Meckel T, Schmidt T (2007) Nanometric three-dimensional tracking of individual quantum
dots in cells. Applied Physics Letters 90: 053902. doi: 10.1063/1.2437066

Huang B, Wang W, Bates M, Zhuang X (2008) Three-dimensional super-resolution imaging by stochas-
tic optical reconstruction microscopy. Science (New York, NY) 319: 810-3. doi: 10.1126/science.
1153529

Semrau S, Schmidt T (2007) Particle image correlation spectroscopy (PICS): retrieving nanometer-
scale correlations from high-density single-molecule position data. Biophys J 92: 613-21. doi: 10.
1529/biophysj.106.092577 PMID: 17085496

Groeneweg FL, Royen ME van, Fenz S, Keizer VI, Geverts B, Prins J, et al. (2014) Quantitation of glu-
cocorticoid receptor DNA-binding dynamics by single-molecule microscopy and FRAP. PloS one 9:
€90532. doi: 10.1371/journal.pone.0090532 PMID: 24632838

Demtréder W (1988) Laser Spectroscopy. Springer.

Biddie SC, Conway-Campbell BL, Lightman SL (2012) Dynamic regulation of glucocorticoid signalling
in health and disease. Rheumatology (Oxford, England) 51: 403—12. doi: 10.1093/rheumatology/
ker215

Beato M, Klug J (2000) Steroid hormone receptors: an update. Human reproduction update 6: 225-36.
PMID: 10874567

Hager GL, McNally JG, Misteli T (2009) Transcription dynamics. Molecular cell 35: 741-53. doi: 10.
1016/j.molcel.2009.09.005 PMID: 19782025

McGhee JD, Hippel PH von (1974) Theoretical aspects of DNA-protein interactions: co-operative and
non-co-operative binding of large ligands to a one-dimensional homogeneous lattice. Journal of molec-
ular biology 86: 469-89. PMID: 4416620

Becker M, Baumann C, John S, Walker DA, Vigneron M, McNally JG, et al. (2002) Dynamic behavior of
transcription factors on a natural promoter in living cells. EMBO reports 3: 1188-94. doi: 10.1093/
embo-reports/kvf244 PMID: 12446572

Morisaki T, Miller WG, Golob N, Mazza D, McNally JG (2014) Single-molecule analysis of transcription
factor binding at transcription sites in live cells. Nature communications 5: 4456. doi: 10.1038/
ncomms5456 PMID: 25034201

Mazza D, Abernathy A, Golob N, Morisaki T, McNally JG (2012) A benchmark for chromatin binding
measurements in live cells. Nucleic acids research 40: e119. doi: 10.1093/nar/gks701 PMID:
22844090

PLOS ONE | DOI:10.1371/journal.pone.0141080 November 10, 2015 13/13


http://dx.doi.org/10.1242/jcs.135228
http://www.ncbi.nlm.nih.gov/pubmed/24481814
http://dx.doi.org/10.1063/1.2437066
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1529/biophysj.106.092577
http://dx.doi.org/10.1529/biophysj.106.092577
http://www.ncbi.nlm.nih.gov/pubmed/17085496
http://dx.doi.org/10.1371/journal.pone.0090532
http://www.ncbi.nlm.nih.gov/pubmed/24632838
http://dx.doi.org/10.1093/rheumatology/ker215
http://dx.doi.org/10.1093/rheumatology/ker215
http://www.ncbi.nlm.nih.gov/pubmed/10874567
http://dx.doi.org/10.1016/j.molcel.2009.09.005
http://dx.doi.org/10.1016/j.molcel.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19782025
http://www.ncbi.nlm.nih.gov/pubmed/4416620
http://dx.doi.org/10.1093/embo-reports/kvf244
http://dx.doi.org/10.1093/embo-reports/kvf244
http://www.ncbi.nlm.nih.gov/pubmed/12446572
http://dx.doi.org/10.1038/ncomms5456
http://dx.doi.org/10.1038/ncomms5456
http://www.ncbi.nlm.nih.gov/pubmed/25034201
http://dx.doi.org/10.1093/nar/gks701
http://www.ncbi.nlm.nih.gov/pubmed/22844090

