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ABSTRACT The three-dimensional (3D) architecture of the cell nucleus plays an important role in protein dynamics and in
regulating gene expression. However, protein dynamics within the 3D nucleus are poorly understood. Here, we present, to
our knowledge, a novel combination of 1) single-objective based light-sheet microscopy, 2) photoconvertible proteins, and 3)
fluorescence correlation microscopy, to quantitatively measure 3D protein dynamics in the nucleus. We are able to acquire
>3400 autocorrelation functions at multiple spatial positions within a nucleus, without significant photobleaching, allowing us
to make reliable estimates of diffusion dynamics. Using this tool, we demonstrate spatial heterogeneity in Polymerase II dy-
namics in live U2OS cells. Further, we provide detailed measurements of human-Yes-associated protein diffusion dynamics
in a human gastric cancer epithelial cell line.
INTRODUCTION
The cell nucleus is composed of a dense three-dimensional
(3D) architecture, with specialized regions essential for
gene expression and regulation, and transcriptional regula-
tors are in continual dynamic exchange between different
compartments (1). Many key processes depend on the phys-
ical dimensions and spatial organization of the nucleus (2),
therefore, quantifying the spatio-temporal protein dynamics
in the full 3D nucleus could provide useful information on
macromolecule behavior and nuclear organization (3). At
present, microscopy methods for quantitative measurement
of protein dynamics have restricted sensitivity due to high
background and/or potential damage to the live cell from
high photon loads. These limitations inhibit an understand-
ing of dynamics in the inherently heterogeneous 3D live
cell.

Fluorescence correlation spectroscopy (FCS) is a quantita-
tive method for measuring protein dynamics and binding in
live single cells and in vivo (4,5). Recently, there have been
two important advances in FCS technology: first, it has been
extended from single point to multiplex imaging-FCS via
use of light-sheet microscopy (SPIM) (6–9), allowing simul-
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taneous, spatially extended dynamic measurements; and
second, the adoption of photoactivatable fluorophores has
optimized the relative number of particles in the observation
volume, significantly improving the quality of the autocorre-
lation functions (ACFs), which are central to analysis of FCS
data ((5,10), and see the Supporting Material). Furthermore,
camera improvements (in both speed and sensitivity) have
enabled faster and longer image acquisition times (8,9), and
these longer intensity traces can be autocorrelated temporally
and spatially to create contiguousmaps of diffusivity, concen-
tration, and binding in two dimensions (8,11–15). By being
able to record an extended region of space, we can overcome
the limitation of point-FCS for which results are highly sensi-
tive to the specific regions imaged.

Extending multiplex imaging FCS to three dimensions re-
quires either simultaneous multiplane illumination and
acquisition, or fast sequential multiplane imaging. Simulta-
neous multiplane imaging systems require multi-light-sheet
generation, controlled distance between the imaging planes,
and simultaneous focusing of the excited planes on a camera.
Multiple light-sheet microscopy (16) enables simultaneous
excitation of multiple planes but with a ~5–7 mm thick
light-sheet and a fixed distance between planes (10–15
mm). In addition, detection of the multiple excited planes re-
quiresmoving the sample or objective, leading to a sequential
acquisition in practice. Simultaneous multiplane acquisition
on a single camera can be achieved using a diffractive
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multifocus grating (17,18); however, the use of wide field
excitation schemes currently prevents their use for livemulti-
plane FCS imaging. Sequential single-plane FCS imaging re-
quires moving the sample through the light-sheet plane or
adjusting the detection path according to the light-sheet
depth into the sample. However, photobleaching typically
drastically limits the effective number of planes where imag-
ing FCS can be performed. Thus, multiplane FCS requires
specific illumination and detection schemes, as well as label-
ing strategies limiting photobleaching effects.

Here, we present, to our knowledge, a novel combination
of a single-objective based light-sheet microscope (soSPIM)
(19) with photoconvertible fluorophores to perform sequen-
tial imaging FCS on up to eight planes (<1 mm apart). This
enables quantification of protein diffusion effectively across
the entire cell nucleus in a multiplexed-multiplane fashion.
First, we tested and calibrated the performance of this so-
SPIM-FCS combination with organic dyes in a buffer solu-
tion, which showed similar sensitivity and calibration
parameters as previously reported using SPIM setups
(8,20). We then tested the sensitivity of soSPIM-FCS by im-
aging enhanced green fluorescent proteins (eGFP) in live
NIH3T3 cells. To explore 3D protein dynamics, we used
photoconvertible Dendra2-tagged RNA Polymerase II
(Dendra2-Pol II) protein to create multiplexed-multiplane
protein diffusion maps that traverse the 3D cell nucleus.
We acquired roughly an order of magnitude more correla-
tion functions from a single cell nucleus than previously re-
ported. Importantly, the improvement in the quality of
correlation functions and the number of data points per
cell was only possible due to the continuous photoconver-
sion of a sparse subset of proteins in the acquisition channel
leading to a high FCS signal-to-noise ratio (SNR) and
FIGURE 1 Experimental setup of single-objective based multiplexed-multipla

SPIM system. (ii) Closeup of the 45� micromirror angled to reflect the light-shee

(B) Principle of multiplane FCS measurements. In multiplane imaging FCS, a se

time autocorrelation performed at every pixel of the plane to achieve multiplane

protein for FCS. (Left) The number of the photoconverted red molecule can be tu

protein in red form is expected to show increased ACF amplitude. To see this fi
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significantly reduced photobleaching effects. Because the
total data acquisition time (<5 min) is still less than the
typical eukaryotic transcriptional time window ~30 min
(21,22), soSPIM-FCS can access 3D dynamics within a bio-
logically relevant timescale. Finally, we investigated the dy-
namics of Yes-associated protein (YAP) (23), a downstream
effector of the Hippo signaling pathway. YAP is a transcrip-
tional coactivator, whose nuclear localization is regulated by
chemical and mechanical inputs (24). By imaging Dendra2-
tagged YAP, our approach enabled us to estimate nuclear
YAP diffusion kinetics for what we believe is the first
time and demonstrate the dynamic heterogeneity of YAP
in the nucleus. By measuring YAP dynamics throughout a
large area of the cell nucleus, we expect our results to be un-
biased due to localized variations in YAP dynamics (e.g.,
due to association with DNA via TEAD-binding).
MATERIALS AND METHODS

Detailed description on imaging FCS, data fitting, microfabrication, and the

protocol for cell culture can be found in the Supporting Material.
Experimental setup and data collection

The soSPIM system is composed of a high numerical aperture (NA) objec-

tive (CFI Plan Apochromat VC 60�WI 1.27 NA; Nikon Instruments, Mel-

ville, NY), a beam steering unit, and dedicated microfabricated devices

containing mirrors angled at 45� alongside microwells (Fig. 1; Fig. S1 in

the Supporting Material). The soSPIM components are mounted on a con-

ventional inverted microscope (model No. Ti-E, with 1.5� lens of the mi-

croscope body and a 0.45� lens to ensure a pixel size of 160 nm in the

image plane for sCMOS camera and 266 nm pixel size for EMCCD camera;

Nikon Instruments). The microfabricated imaging chamber (Fig. S2 (19)) is

placed on an axial translation piezo stage within a controlled environment

chamber for live cell imaging. Fluorescence emission is collected through
ne FCS (soSPIM-FCS) measurements. (A) (i) Experimental setup of the so-

t beam orthogonal to the detection axis for imaging at two different depths.

quential time image series is acquired at different z position in a cell and the

diffusion and concentration maps. (C) Principle of using photoconvertible

ned in the observation volume by 405 nm laser excitation. (Right) Dendra2

gure in color, go online.



Protein Dynamics within the 3D Cell Nucleus
the same objective used for excitation and is captured in streaming mode on

a sCMOS camera. The whole acquisition process is steered using Meta-

Morph software (Molecular Devices, Sunnyvale, CA).

The tunable lens and the galvanometric mirrors (Fig. 1 A) were precisely

aligned and conjugated to the objective back focal plane to ensure the light

sheet to be perpendicular to the microscope objective optical axis after reflec-

tion onto the 45� mirror, regardless of its reflection position. Drifting of the

light sheet along the x axis when performing 3D imaging is compensated by

calibrating the light-sheet position at two different depths. Further details of

soSPIM setup are described in Galland et al. (19). A cylindrical lens (f ¼
150 mm; Thorlabs, Newton, MA) may be inserted thanks to a switchable

mount into the optical path to focalize the laser beam in one direction at

the objective back focal plane. It enables us to create a static light sheet in

the sample for FCS acquisition. The cylindrical lens is mounted on a rota-

tional mount to align its focalization direction with the 45� mirror’s long axis.
Imaging FCS characterization and calibration for
soSPIM

The thickness of the excitation light-sheet was characterized by imaging

100 nm tetraspeck beads embedded in 1% agarose gel filling the microwells

(1:100 ratio; Fig. S3). The light-sheet characteristics can subsequently be

extracted from uðxÞ ¼ uo

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ððx � x0Þ=ZRÞ2

q
, where u0 is the beam

waist, representing half the minimum thickness e0 of the light-sheet; ZR
is the Rayleigh length, corresponding to half the size of the field of view

of the light-sheet; and x0 is the position of the beam focalization along

the propagation direction. For a 3 mm diameter excitation beam at the cy-

lindrical lens position, we measured e0 ¼ 1.8 5 0.2 mm and ZR ¼ 13 5

0.5 mm at 561 nm wavelength (Fig. S3).

The width of the static light sheet created by inserting a cylindrical lens

into the beam steering optical path (f ¼ 150 mm) was characterized by im-

aging the light-sheet through a fluorescent polymer after reflection on the

mirror (Fig. S3 B). Fitting the width of the light-sheet by a Gaussian func-

tion, we estimate the width of the light-sheet to be 26 5 1 mm (full width

half-maximum).

The laser power density was then calculated as the power spread over an

area of 18 � 26 mm2, which corresponds to the XY area of the light-sheet.
Imaging FCS data acquisition

For imaging, the growth media was replaced by 2 mL of imaging media

composed of FluoroBrite media (Gibco/Thermo Fisher Scientific, Waltham,

MA) supplemented with 10% FBS and 10 mM of HEPES buffer in a 35 mm

dish, to ensure minimal fluorescence background.

For FCS imaging, a region of interest (ROI) of between 32 � 32 and

100 � 60 pixels was chosen, centered on the sample inside the camera field

of view. Time series of 10–20 k frames per planewere acquired at 2.4–4.3 ms

integration time for live cell imaging, and time series in the range 50–100 k

frames per planes were acquired at 155 ms integration times for beads

and single fluorophore imaging. The objective axial position stability

was ensured by the Perfect Focus System of the microscope body (Nikon In-

struments). For live cell FCS imaging, up to eight time-series at different z

positions (dz ¼ 0.8 mm) were acquired. For FCS imaging of U2OS Den-

dra2-Pol II cells and MKN28 Dendra2-YAP cells, acquisitions were per-

formed by excitation with the 561 nm laser (laser power in between 0.5

and 1.5 kW/cm2). The 405 laser power (0.05–0.2 kW/cm2) was adjusted

to continuously photoconvert a sparse subset of Dendra2 proteins, ensuring

sufficient SNR for FCS analysis while renewing photobleached fluorophores

to allow up to eight planes to be acquired on a single cell. Tables S1 and S2

summarize the different camera settings, data acquisition, and postprocess-

ing parameters used in the article.

All imaging FCS data were corrected for fluorescence bleaching, with

detailed description of the data fitting, typical defects, and photobleaching
correction available here in Krieger et al. (8), and the analysis was per-

formed using QFit3.0 and/or ImageJ imaging FCS plugin (25,26).
RESULTS

soSPIM-FCS characterization and validation

We calculated ACFs using fluorescent beads and organic
dyes. To minimize variation due to self-aggregation of
beads, buffer pH was kept at ~10 (use M/10 NaOH solution
to adjust pH) and the beads were sonicated before use, while
Atto 565 dye was first dissolved in DMSO and further
diluted in 1 � PBS buffer at pH7.4. Fig. 2 A shows typical
ACFs for 100 nm fluorescent beads (red) and Atto 565
organic dyes (gray) in buffer solution, with dashed lines rep-
resenting fits to Eq. S2 (see the Supporting Material; see
also Fig. S4). By varying the effective camera pixel size
(by postprocessing) we estimated the lateral extension of
the point spread function (PSF)—the value at which the pre-
dicted diffusion coefficient is independent of pixel size—to
be 0.7 mm (Fig. 2 B). The bead and Atto565 dye average
diffusion coefficients were D22�C ¼ 4.8 5 1.8 mm2/s and
220 5 40 mm2/s, respectively, at room temperature,
although note this likely underestimates diffusivity for
organic dyes due to slow camera exposure (27). The bead
diffusion data were in good agreement with single point
confocal measurements (see Fig. S4 and Table S3; setup
as described in Maharana et al. (28)). Furthermore, the cor-
responding cumulative distribution function (CDF) for the
fitted diffusion coefficients at room temperature (Fig. 2 C)
were in a similar range to previously reported SPIM-FCS
measurements (8,20). Finally, in principle, a freely diffusing
particle should have a linear relationship between the effec-
tive area (determined here by the camera pixel size and
binning) and the diffusion time, with zero intercept
(29,30). By plotting the change of diffusion time (y axis)
with the change in effective area (x axis, postprocess
binning; Fig. 2 D), we see that the relationship is close to
linear, with D22�C ~ 3.3 5 1.3 mm2/s at room temperature,
in good agreement with the fitting to the ACFs from Eq.
S2 (see the Supporting Material). These calibration and
FCS sensitivity tests (8) show that the presented soSPIM-
FCS setup can be reliably used for FCS measurements
(see comparison with other methods in Table S3).

To further test the FCS capabilities of soSPIM, we next
performed sequential multiplane soSPIM-FCS to live
NIH3T3 cells expressing stable eGFP-tagged H2B histone.
Cells were prepared as described in the Supporting Material.
The reflected light-sheet was positioned on the cell nucleus
and multiple z planes were sequentially illuminated. For
each section a time image series of 20 k frames was
collected at 2.4 ms camera exposure on an EMCCD camera
(using a cropped field of view). The time image series were
autocorrelated (see Eq. S1) at each pixel and fitted with a
one-diffusive component model, Eq. S2 (see also the
Biophysical Journal 112, 133–142, January 10, 2017 135



FIGURE 2 Imaging FCS calibration and sensi-

tivity of soSPIM-FCS. (A) Typical single pixel

autocorrelation function for 100 nm tetra-spec

fluorescent beads (red) and organic Atto565 dye

(gray) in 1 � PBS buffer. Data were acquired

with a sCMOS camera using a 32 � 32 (32 � 16

organic dyes) pixel ROI at 155 ms camera integra-

tion time. (Dashed lines) Fits of Eq. S1; see the

Supporting Material. (B) Dependence of diffusion

coefficient, D, at different camera pixel binning

and lateral PSF (analysis was performed with vary-

ing binning values from 1 � 1 to 5 � 5 pixels). (C)

The diffusion coefficient cumulative distribution

function for 100 nm fluorescent beads and Atto

565 dyes in 1� PBS. (D) Dependence of the diffu-

sion time on the effective area (postacquisition

camera binning). Inverse slope estimates the diffu-

sion coefficient (D22
�C ¼ 3.3 5 1.3 mm2/s for

100 nm fluorescent beads). Experiments were per-

formed on a sCMOS camera with a pixel size of

160 nm. ACF analysis were performed with vary-

ing binning values from 1 � 1 to 5 � 5 pixels.

To see this figure in color, go online.
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Supporting Material) (8). Fig. S5, A and B (for two different
cells), shows the diffusion coefficient maps and distribution
at two different planes, with an average diffusion value 0.28
5 0.08 mm2/s (average 2300 pixels). To test sensitivity, we
measured the effect of DNA-binding drug Hoechst 33342
(which induces cell death) on histone diffusion in the
same cell. After treatment, the average fluorescence signal
showed higher intensity and the diffusion coefficient
decreased to 0.16 5 0.06 mm2/s (Fig. S5 C). The decreased
diffusion coefficient may be due to shrinkage of the whole
chromosome structure as the nucleus shrinks during
apoptosis (31). The diffusion CDF was markedly changed
after Hoechst drug treatment (Fig. S5 D), showing that
soSPIM-FCS is sensitive to dynamic changes inside the
nucleus.

The important result of this analysis is that the slow his-
tone protein diffusion, particularly after Hoechst 33342
treatment, showed fast fluorescence bleaching. High-quality
FCS measurements could thus not be achieved for more than
three consecutive planes. Due to the high expression and
low mobility of many nuclear localized proteins it is techni-
cally challenging to obtain good estimates of diffusion coef-
ficients without significant photobleaching in live cells. To
tackle these challenges, photoconvertible fluorophores are
136 Biophysical Journal 112, 133–142, January 10, 2017
needed to control the number of active molecules in the
focal volume to achieve high-quality FCS measurements
across the whole nucleus.
Improved multiplex FCS using photoconvertible
fluorophore Dendra2

FCS in living cells requires an optimal number of particles
in the observation volume: too few and the signal is signif-
icantly affected by the detector background; too many and
the ACFs are too flat and noisy. Controlling the protein
expression of fluorescently tagged proteins is often difficult
in practice. To overcome this challenge, prebleaching
before FCS was previously used to reduce the effective
number of fluorescent protein molecules in live cells
(32,33); however, this may induce severe photodamage
and precludes multiplane imaging due to rapid loss of total
fluorescence signal in a living sample. An alternative way to
overcome protein overexpression without bleaching is to
use photoactivatable fluorescent proteins (5,10). The den-
sity of fluorescent proteins can be easily tuned by adjusting
the intensity of the 405 nm laser, allowing a high SNR ratio
for FCS, as demonstrated recently in the early mammalian
embryo (5,10).



Protein Dynamics within the 3D Cell Nucleus
To test the sensitivity of photoconvertible tagged proteins
for camera-based imaging FCS in live cells, we used stably
expressing Dendra2-Pol II U2OS cells (34). Dendra2 was
converted from green to red fluorescence using a 405 nm
excitation laser (34–36), with the number of photoconverted
molecules controlled by varying the 405 nm laser excitation
power. Fig. 3 shows the characterization of eGFP- and Den-
dra2-tagged proteins for FCS in live cells. The fluorescence
signal from the photoconverted red form of Dendra2 showed
long-term stability (>3 min) compared to eGFP-tagged pro-
teins (Fig. 3 A). Most importantly, the ACFs were signifi-
cantly improved with Dendra2 compared to eGFP (Fig. 3,
B and C), with lower noise and subsequently improved
data fitting.

We compared the ACFs of the different Dendra2 emis-
sions on confocal-based single-point FCS. The ACF ampli-
tude (inversely proportional to concentration, Eq. S2; and
see the Supporting Material) was significantly increased in
photoconverted (red) Dendra2 expressing cells compared
with the green channel (Fig. 3, D and E). Further, we
confirmed using Dendra2-NLS (to avoid binding kinetics)
that varying the activation of Dendra2 alters the observed
particle number, but not the measured diffusion time, Figs.
3 F and S6. Hence, photoconversion allows precise control
of the number of active fluorescent molecules for FCS anal-
FIGURE 3 Characterization of Dendra2 fluorescent protein for FCS imaging

protein in imaging FCS. (B and C) Average autocorrelation functions of eGFP

ACFs (n¼ 36). (D) ACFs, including cell background (gray), for Dendra2 protein

FCS setup. (E) As for (D), but without background and the inset shows a magnifi

Dendra2-3xNLS under different 405-nm laser activation. (Inset) There is no chan

of Dendra2 green to red fluorophore in the red channel detection. Histone-eGF

size ¼ 266 nm and Dendra2-Pol II on a sCMOS sensor with effective pixel 160
ysis and this significantly improves the quality of fitting to
the measured ACFs.
Sequential, multiplane imaging FCS

We now combined soSPIM-FCS with Dendra2 to obtain
sequential multiplane, multiplexed FCS. We imaged stable
Dendra2-Pol II U2OS cells using soSPIM-FCS, with a total
of eight planes per cell with z spacing ¼ 0.8 mm. A stable
561 nm laser power ofz0.8 kW/cm2 was used with a stable
low 405 nm activation dose (~0.05 kW/cm2). The bottom and
top planes of a serum-stimulated U2OS cell nucleus are
shown in Fig. 4, A and B, respectively, along with their (un-
normalized) ACFs (right side). Although there is a decrease
in quality at the top plane (primarily due to photobleaching),
the ACF was still of sufficient quality for reliable model
fitting. The diffusion maps for all eight planes of a serum-
stimulated cell are shown in Fig. 4 C (see Fig. S7 for further
examples). The diffusion coefficient of RNA Pol II typically
ranged from 1 to 5 mm2/s, which is similar to other transcrip-
tion factors in the cell nucleus (3,37). Fig. 4 D shows orthog-
onal views of the diffusion maps along x, y, and z axes.
Structures are apparent in the diffusion maps; these are
consistent with different chromosomal packing at different
nuclear positions (2) (see also Movies S1 and S2).
. (A) Typical intensity profiles for eGFP and red photoconverted Dendra2

(B) and Dendra2 (C). Upper and lower lines represent maximum extent of

(green), and photoconverted in the red channel with point FCS on a confocal

ed view of the ACF in the green channel. (F) Change in ACF amplitude for

ge in diffusion time, but the particle number increases after photoconversion

P experiments were performed on an EMCCD camera with effective pixel

nm. To see this figure in color, go online.
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FIGURE 4 Multiplane, multiplexed diffusion

maps of Dendra2-Pol II expressed in U2OS cells.

(A and B) Average intensity maps of Dentra2-Pol

II time image series (left) and corresponding

ACFs (right). 10 k images were acquired at

different z positions (A, zþ ¼ 0.0 mm; B, z8 ¼ 5.6

mm) with a spacing of ~0.8 mm and all eight planes

were sequentially imaged with a total time of

5 min. The regions outside the cell nucleus showed

zero correlation (flat ACFs in A shown in blue). (C)

Representative diffusion maps for Dendra2-Pol II

in the cell nucleus at different z positions (see

Movie S2). (D) 3D orthogonal view of diffusion

maps along x, y, and z axes. (E) Cumulative prob-

ability distribution of diffusion coefficient in

serum-starved (cyan) and stimulated (magenta) en-

vironments (average from four cells; >13,400 data

points for serum-stimulated and>4800 data points

for serum-starved conditions). All imaging per-

formed on a sCMOS camera with effective pixel

size ¼ 160 nm. ACF analysis was performed

with 3� 3 pixel binning. To see this figure in color,

go online.
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To validate our analyses, we repeated the experiments on
serum-starved cells (cells were starved at least 18 h before
imaging), and diffusion values were compared between
serum-stimulated and -starved conditions. In serum-starved
cells, smaller Pol II clusters are predicted due to a lower
transcriptional activity, hence an increase in the diffusion
coefficient is expected. This was confirmed by comparison
of the diffusion coefficient CDF for the two conditions
(Fig. 4 E). Taken together, these results suggest that our
approach is sensitive to spatial variations in Pol II dynamics.
Although previous work has performed single molecule
tracking of Pol II localization, this is inherently limited in
number and spatial range. Here, we can describe the global
(on the scale of the nucleus) Pol II dynamics in an unbiased
manner. Qualitatively, we observe that diffusion appears
138 Biophysical Journal 112, 133–142, January 10, 2017
slowest toward the cell center (Figs. 4 C and S7)—where
chromosomes are more densely packed (38,39)—although
a more comprehensive analysis is needed to confirm this.
Therefore, our approach here provides an effective tool for
exploring nuclear protein dynamics.

Recent observations in live cells suggest that Pol II clus-
ters are dynamic and transient in nature during serum stim-
ulation (34,40,41). Consistent with this, we observe distinct
regions of slow dynamics in the diffusivity maps (Fig. 4 D).
To explore this further, we performed a more careful anal-
ysis of the interplane variation in the diffusion maps.
Fig. 5, A and B, shows representative cross-sectional diffu-
sion map views along the xz- and yz planes. The diffusion
coefficient maps measured for each plane (~36 s acquisition
per plane) demonstrate spatial correlation in the z direction



FIGURE 5 Spatial analysis of Dendra2-Pol II

sequential multiplane, multiplexed diffusion

maps. (A and B) Cross-section diffusion map views

along xz- and yz planes (pixel size: 0.48� 0.8 mm).

(C) Spatial Pearson correlation coefficient along z

direction (n ¼ 4 cells), where the line is fit to

se�z/l: s ¼ 0.75 and l ¼ 1.7 (with 95% confidence

interval [0.5, 3.0]). (D) Representative diffusion

law plots for Dendra2-Pol II in serum-stimulated

condition shows varying y axis intercepts (ROI

for diffusion law analysis is shown by white rect-

angle for planes 2, 4, and 5 in Fig. 4 C). Experi-

mental FCS details as in Fig. 4. To see this figure

in color, go online.
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over a distance of 1.7 mm (~3 planes along z direction)
(Fig. 5 C). This diffusion correlation length is unlikely an
artifact of the microscope setup, as planes are taken sequen-
tially and hence correlations between planes in the diffu-
sivity are most likely due to conserved Pol II dynamical
structures, and not due to overlap of the PSF—we see corre-
lations in diffusivity between planes imaged over a minute
apart. Also, this naı̈ve vertical diffusion correlation is likely
an underestimate of structure extent, as most structures will
not lie vertically in the z axis of the microscope. To test this
further, we applied the FCS diffusion laws (as in Fig. 2 D
(29,30,42)). Serum-stimulated cells in different z planes
showed positive and varying y axis intercepts (Fig. 5 D;
Fig. S8). A positive y intercept suggests possible spatially
confined domains. Similar organization of Pol II and other
nuclear proteins has been previously observed from single
particle imaging and tracking (34,36). Alternatively,
spatially varying diffusivity might be from local changes
in effective viscosity due to chromosome organization,
and these regions can effect transcriptional activity (43).
The dynamic heterogeneities we measure may arise from
local spatial heterogeneities in transcription activity,
evolving on timescales >1 min.
Dendra2-YAP dynamics

We next extended our analysis to investigate the dynamics
of YAP, a transcriptional coactivator. It is known that shut-
tling of YAP between the cytoplasm and nucleus is impor-
tant for YAPs function in regulating the Hippo pathway.
Thus we anticipate that YAP will be present in both the
cytoplasm and nucleus, and we expect that YAP will
exhibit reduced and heterogeneous diffusion dynamics in
the nucleus as it can associate with DNA-binding tran-
scription factors to regulate numerous downstream target
genes.

MKN28 cells stably expressing Dendra2-YAP were
generated (see the Supporting Material) and imaged with
the soSPIM-FCS setup using a stable 561 nm laser power
(z0.5–0.8 kW/cm2), and a low 405 nm activation dose to
continuously activate a sparse subset of the Dendra2 protein.
Time-series of 10 k frames were acquired at 4.3 ms integra-
tion time on 90� 60 pixels ROI every 0.8 mm on up to seven
planes in a single cell, which covers a significant portion of
the nuclear volume.

Fig. 6 A shows the diffusion maps (akin to Fig. 4 C) for
Dendra2-YAP, with corresponding intensity maps shown in
Fig. S9 A (see Fig. S9 for other representative cells as
well). Heterogeneity of YAP diffusion is apparent, with
some spatial structure preserved between planes. This struc-
ture may indicate possible binding events between YAP and
its targets within spatially conserved regions. The measured
ACFs were well fitted by diffusion-dominated dynamics
(Fig. S7 B); however, due to the temporal resolution of the
cameras, we are principally identifying the dynamics of the
slow (bound) fraction. To estimate the effective mean YAP
diffusivity, we averaged all intranuclear ACFs and found
DYAP ~ 4.5 5 2.2 mm2 s�1 (compared with DYAP ~4.2 5
2.0 mm2 s�1 using eGFP-YAP in the cell nucleus on confocal
FCS; Fig. S10).Despite having a large standard deviation, the
diffusion probability functions for different planes are com-
parable (Fig. 6 C), suggesting that this is a reliable estimate
of YAP diffusivity. Because nuclear-localized YAP associ-
ates with DNA-binding proteins, YAP diffusion in the nu-
cleus was slower compared to cytoplasmic diffusion (note,
to capture the faster cytoplasmic dynamics—DYAP,CYT ~80
mm2 s�1—we used confocal FCS; Fig. S10). Because we
measure the diffusivity across nearly the entire nucleus, our
Biophysical Journal 112, 133–142, January 10, 2017 139



FIGURE 6 Multiplane diffusion maps of Den-

dra2-YAP protein in cell nucleus. (A) Dendra2-

YAP diffusion maps (similar to Fig. 4 C) at

different planes in the cell nucleus (z spacing 0.8

mm). See Fig. S9 for mean intensity images. (B)

Representative ACF of Dendra2-YAP in the cell

nucleus (fit in dashed line). (C) Diffusion coeffi-

cient probability distribution (solid black line) of

Dendra2-YAP for all seven planes (dashed lines

represent 51 SD). (Gray) Distributions for indi-

vidual planes. All images were performed on a

sCMOS camera with effective pixel size ¼
160 nm. ACF analysis was performed with 4 � 4

pixel binning. To see this figure in color, go online.

Singh et al.
results represent a good estimate of the overall effective YAP
nucleus diffusion. To our knowledge, the data presented here
is the first quantitativemeasurement of YAP dynamicswithin
the cell nucleus. With further improvements in detector
sensitivity, we anticipate being able to dissect spatial varia-
tion in nuclear YAP dynamics in the future as we can access
faster timescales in a spatially extended manner. An inter-
esting future direction would be to explore the fraction
of freely available YAP simultaneously in the cytoplasm
and nucleus (including transport into the nucleus), and how
this responds to external stimuli such as mechanical stress
(44,45). This may give important insight into the dynamics
of YAP as a transcriptional coactivator and how the cell re-
sponds rapidly to external stress.
DISCUSSION

Heterogeneity of protein dynamics are often the signature of
local changes in protein activity. Developing techniques that
enable mapping of such spatial heterogeneity could provide
key inputs into our understanding of protein function. so-
SPIM-FCS provides a 3D mapping of the dynamics of
cellular processes. The unique soSPIM-FCS architecture
reported here provides distinct improvements on previous
multiplex FCS methods: 1) high sectioning capability at
the single cell level; 2) high mechanical stability as
compared to the standard two-objective SPIM setup; 3)
the possibility to use high numerical aperture objectives
140 Biophysical Journal 112, 133–142, January 10, 2017
for efficient signal collection ensuring sensitivity at the
single molecule level (19); and 4) the ability to combine
localized activation (and other quantitative techniques
such as fluorescence recovery after photobleaching,
FRAP) using the inverted microscope with the soSPIM
sensitivity and low photobleaching and phototoxicity. The
power to combine photoconversion of fluorophores with
FCS in a spatially extended manner is perhaps the strongest
element of this approach. Further, all the functionality of a
standard inverted microscope (differential interference
contrast, phase, epifluorescence, etc.) can be readily used
to position and select the sample. This provides clear prac-
tical advantages over the classical SPIM approaches.

Data presented here demonstrates that the soSPIM config-
uration is stable and sensitive enough to produce high qual-
ity ACFs. Coupling the SPIM configuration with
photoconvertible fluorophores allowed us to sufficiently
reduce protein photobleaching so that we can measure up
to eight diffusion maps spaced by 0.8 mm. This approach
provided a more precise 3D reconstruction of the nuclear
dynamic environment. We validated the efficacy of our
setup with two quite different proteins in the nucleus. We
established that Dendra2-Pol II has a nonhomogeneous dis-
tribution of diffusivity at different spatial positions
within the nucleus, consistent with single molecule tracking
approaches (34). However, our approach encompasses or-
ders-of-magnitude more measurements per cell. We demon-
strated the power of our approach by providing an estimate
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of the effective nuclear diffusion of the transcriptional coac-
tivator YAP. Such an estimate is not significantly affected by
local structures in the nucleus due to the large number of
data points collected for each cell. Of course, camera-based
FCS still has limitations, particularly in terms of the rela-
tively slow frame rates (milliseconds here versus microsec-
onds on confocal-based FCS) and bleaching effects for
longer imaging time windows. We have carefully assessed
that photophysics effects from using a photoconvertible flu-
orophore do not distort our conclusions. The results pre-
sented here represent a significant improvement over most
previous camera-based FCS studies and we have validated
results using confocal FCS.

Being able to measure dynamics in three dimensions is
an important step to link the existence of local dynamical
heterogeneities to biological structures. Indeed, local fluc-
tuation of diffusion coefficients may transiently arise in
the cell or may be due to intrinsic noise of the detection sys-
tem. However, the existence of correlated regions of diffu-
sion coefficient heterogeneities at different z positions for
Pol II strongly suggests that the observed dynamical varia-
tions arise from differential local interactions of proteins. In
future, we anticipate that the combination of soSPIM-FCS
and photoconvertible proteins may become a powerful
quantitative bioimaging tool to create differential diffusion
and interaction maps of transcription factors and other pro-
teins in vivo. Such information may be important, for
example, in deciphering the role of transcription factor
binding to determine cell fate (5), or understanding the
role of spatio-temporal changes in the effective viscosity
within the nucleus due to chromosomal reorganization
and its effect on the rate of transcriptional kinetics (3). Sin-
gle-particle tracking can also be achieved with this tech-
nique (46). Finally, the laser driving unit to implement
the soSPIM is essentially a modified FRAP head. Our
approach could thus readily combine FCS, single-particle
tracking, and FRAP on the same system to probe a spec-
trum of protein dynamics ranging from millisecond to
minutes.
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Supplementary Material 

Materials and methods 

Imaging FCS and data fitting 
Imaging FCS analyzes the variation in the time-dependent intensity autocorrelation function 
(ACF). In imaging FCS, each pixel of the 2D array detectors camera yields fluorescence 
intensity fluctuations from a small observation volume, over a period of typically ~20-40 sec 
at high framerate of up to 250-1000 fps. Temporal intensity fluctuations can be used to infer 
the underlying dynamics (or photo-physical fluorescence fluctuations) of the fluorescently-
tagged molecules. The ACF for a fluorescent signal collected over time is given by G(t)  
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where G(t) is the normalized autocorrelation function, t  the correlation time, ( )I t  represents 
the instantaneous fluorescence intensity at time t, ( )I tδ  the change in fluorescence intensity 

(deviation from mean value ( ) ( )I t I t Iδ = − ), − −  denotes time averaging, and G∞ is the 
correlation at long time or the correlation offset value.  

To infer dynamic parameters, we fit the measured ACF (Eq. 1) with the prediction from a 
molecule diffusing in three-dimensions ( )3DG τ  (see detailed derivation elsewhere (1)): 
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The measurable parameters are the camera pixel size a in object space, the lateral, and axial 

PSF size wxy, wz,. The variables fitted are the diffusion coefficient D, the average particle N, 

and the correlation convergence value G∞. 

Microfabrication wells for creating light sheet and cell holder 
Micro-mirroring surfaces were produced in silicon wafer by anisotropic etching in alkaline 
solution. Micro-wells of 40x40 µm2 were then created by deep reactive ion etching process 
through openings in AZ9260 positive tone resist. The silicon wafer with 45° mirroring 
surfaces and micro-wells were then replicated in a UV-curable and index-matched polymer on 
clean #1.5H coverslips in a two-step process: (i) replication of the silicon master mold in 
PDMS; (ii) reproduction of the PDMS imprint on a coverslip by capillary filling and UV-
curing of the UV-curable polymer. The plastic chips were then coated with a thin layer of gold 
by thermal evaporation in a vacuum chamber to make the 45° surfaces reflective. After 
metallization, a flat PDMS stamp was deposited on top of the mirror to allow filling the gap in 
between the mirror by a UV-curable polymer layer by capillary filling. Once the polymer 
cured, the PDMS stamp was removed, and the metal coating outside the mirror was removed 



Protein dynamics within 3D cell nucleus  
 

by wet etching. The coverslip was finally sealed in a bottom-free 35 mm plastic dish that 
allowed easy surface passivation with 0.1% Pluronic solution overnight and cell seeding and 
culturing. Further details are described in (2). 

soSPIM light sheet scanning unit and bead scan PSF characterization 
The soSPIM beam steering unit is composed of a cylindrical lens, a tunable lens and a pair of 
galvanometric mirror. x- and y-axis positioning of the light-sheet in soSPIM are controlled by 
the galvanometric mirrors conjugated by two relay lenses. Scanning the excitation beam along 
the mirror long axis (y-axis) creates the light-sheet, and displacing the light-sheet along the 
mirror short axis (x-axis) changes the light-sheet depth into the sample. As an alternative to 
scanning the excitation beam, a cylindrical lens can also be used to create a static light-sheet. 
The positioning of the light-sheet waist on the sample ROI is achieved using a tunable lens 
(TL) which defocalizes the excitation beam away from the mirror. The focal length of the 
tunable lens is maintained by a built-in feedback loop system and set to position the thinnest 
part of the light-sheet at the sample. 

The micro-fabricated device containing the cells was placed on the microscope stage and a 
60x WI high NA objective was used for imaging. The orientation of the light-sheet relative to 
the mirror orientation was adjusted by a cylindrical lens rotational mount. The long axis of the 
mirror for the axial displacement of the light-sheet was determined according to the mirror 
orientation in the objective field of view. For two different positions of the light-sheet on the 
mirror, the axial position of the objective was adjusted to superpose the objective focal plane 
and the light-sheet, and the appropriate defocus strength was adjusted according to the 
distance of the sample from the micro-mirror. A custom-written MetaMorph plugin ensures 
the synchronization between the light-sheet displacement along the mirror with the axial 
position of the objective and the defocus strength by linear regression between these two 
calibration points. 
To estimate the depth of focus and thickness of the light-sheet, the light-sheet, superposed to 
the objective focal plane, was scanned along the axial direction and the beads imaged with a 
step-size of 100 nm in the z-axis. The bead images were projected using maximum intensity 
along the x-axis and the axial dimension measured by Gaussian fitting along the z direction 
for each bead. The axial dimension of each bead (full width at half maximum) was then 
recorded according to their position from the 45° mirror. To estimate the width of the static 
light-sheet created inserting a cylindrical lens into the beam steering unit optical path, the 
light-sheet was imaged through a fluorescent polymer after reflection on the 45° mirror. The 
light sheet profile was then extracted and fitted with a Gaussian function to estimate its width 
(see Fig. S3). 
 

Dendra2-YAP and 3xNLS-Dendra2 stable cell lines 
The coding sequences for 3xNLS-Dendra2 and untagged Dendra2 with the stop codon 
removed were PCR amplified before being cloned into the retroviral expression vector 
pBABE puro using BamHI and EcoRI restriction sites. The coding sequence for human YAP 
isoform 1-2α (3) was then C-terminally sub-cloned in-frame with Dendra2 using EcoRI and 
SalI restriction sites to generate Dendra2-YAP. 
 
Subconfluent HEK293T cells were co-transfected with pBABE puro 3xNLS-Dendra2 or 
Dendra2-YAP together with the pCL10A-1 packaging construct using TransIT-293 
Transfection Reagent according to the manufacturers specifications. After 48h, the viral 
supernatants were collected, filtered, and mixed with polybrene before being added to 
subconfluent YAP null MKN28 cells that had been previously generated using CRISPR-Cas9. 
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After 24h stably-transduced cells were selected using puromycin before cells were used for 
imaging experiments. 

Cell culture and seeding in micro fabricated wells 
Stably expressing H2B-eGFP NIH3T3 Dendra2-Pol II U2OS cells were cultured in high 
glucose Dulbecco’s modified eagle media, supplemented with 10% fetal bovine serum, 1% 
GlutaMAX and 1% penicillin/streptomycin. Stably expressing 3xNLS-Dendra2 and Dendra2-
YAP MKN28 cells were cultured in RPMI 1640 media supplemented with 10% fetal bovine 
serum and 1% penicillin/streptomycin. All cells were maintained in 5% CO2 at 37°C. The day 
prior to seeding into 40x40 µm2 micro-wells, cells were cultured in 35 mm plastic dishes to 
ensure they reached 70% confluence on the day of seeding. Before seeding, cells were gently 
washed twice with 1X PBS and trypsinized for 2 mins. After removing the trypsin, cells were 
immersed in 1 mL of growth media, and allowed to recover for 10 mins in the incubator. 

For cell seeding into the micro-wells, around 0.5 million cells were deposited onto the micro-
wells and placed in the incubator for 15 mins, allowing the cells to fill the micro-wells by 
gravity. The density of cells was adjusted to ensure efficient seeding of the wells with one cell 
in each well. Cells remaining outside wells were removed by rinsing twice with media, and 
the device was filled with 2 mL of growth media. This seeding step was repeated up to three 
times to ensure a filling ratio of 60-80% of wells. The cells were then allowed to recover for 
one to three hours in growth media in the incubator before imaging.  
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Supplementary Figures 

 
Figure S1: soSPIM light-sheet path. A: Sample mounting micro-well cross section view, the 
blue dotted region shows the mirror surface and white region shows the position of micro-
well with respect to the mirror surface. B: Top view of the light-sheet after reflection on a 45° 
mirror and imaging through a fluorescent solution.  
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Figure S2: Micro-fabrication process of the device displaying 45° mirrors alongside micro-
wells. A: Anisotropic wet etching and dry etching were sequentially used to create 45° 
surfaces and micro-wells respectively within a silicon wafer. B: Replication of the silicon 
wafer features onto coverslips and metallization of the 45° surfaces. A PDMS replica of the 
silicon wafer is created and then used to reproduce the wafer features onto a coverslip in a 
UV-curable polymer via a capillary filling process. The polymer surface is then coated with a 
metal layer to make the 45° surfaces reflective. Lastly, the 45° surfaces are protected by an 
additional layer of UV-curable polymer via a capillary filling process and the unprotected 
metal removed by wet etching. C: Left and middle panels: SEM images of a silicon wafer 
displaying 45° surfaces alongside micro-wells. Right panel: Image of a final device produced 
in a UV-curable polymer and metallized, and sealed on a bottom free plastic dish for easy 
cell culturing and handling. 
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Figure S3: soSPIM light sheet profile characterization and PSF determination. A: Shows the 
axial dimensions (FWHM) estimated by Gaussian fitting of beads embedded in agar and 
imaged in the soSPIM configuration according to their position from the mirror (red dots). 
The black line represents the fit with the Gaussian beam propagation equation (see Methods 
in main text) and the reported value the result of the fit. The insets (a-c) represent the axial 
profile of three different beads (red dots) at different positions from the mirror (as highlighted 
in main panel) and their respective Gaussian fit (black line). B: Top-The light sheet imaged 
through fluorescent polymer after reflection on a 45° mirror (top Fig. S3). Bottom- 
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Experimental profile (red dots) and Gaussian fit (black line) of the light-sheet profile 
averaged on the whit box on top. The reported value is the fit result and represent the 
estimated static light-sheet width. C: PSF determined by bead scan. 100 nm fluorescent beads 
were embedded in 1% agarose and imaged on an EMCCD, Evolve512 (pixel size 266 nm), 
lateral (XY) and axial cross-sectional views (YZ, XZ) are shown. The line intensity was 
fitted with a Gaussian function and the typical values for lateral PSF are tabulated in the 
bottom right table. 
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Figure S4: Typical autocorrelation function ACF obtained from Atto565 
organic dyes (gray) and 100 nm fluorescent beads (red) in 1xPBS buffer. A-
B: ACFs obtained on confocal FCS setup and on soSPIM-FCS setup 
respectively. Light blue region shows the time scale which can be captured 
on camera based FCS. Diffusion values obtained are tabulated in Table S3. 
Note: Due to slow acquisition rate (155 µs) of sCMOS camera diffusion 
coefficient of organic dyes will be underestimated than the actual value. In 
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addition, 100 nm fluorescent beads in buffer solution provides a good 
estimate of absolute diffusion coefficient (see Table S3). C: Autocorrelation 
function obtained from Atto565 organic dyes in 1xPBS buffer. Red curve 
shows the ACF from a single pixel and the average ACF for all the data 
points are shown in green. Inset image shows fluorescence intensity 
collected over time. D-E: Diffusion maps and histogram are shown. The 
average D value for Atto 565 dye for all the pixels is 220 ±40 µm2/s. 
soSPIM data were acquired with an sCMOS camera using a 32x32 beads 
(32x16 organic dyes) pixel ROI at 155 µs camera integration time. Dashed 
lines correspond to fits of Eq. 2, see Supporting Material. F shows typical 
camera readout schemes. The pixel size for the analysis was 160 nm and the 
correlation analysis was performed with 4x4 pixel binning for dye and no 
binning for 100 nm fluorescent beads.  
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Figure S5: Multi-plane diffusion maps of H2B-eGFP protein in NIH3T3 
cells collected on an EMCCD camera. Cell01:- A-B: FCS for two different 
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z-planes in the cell nucleus. Left - Average fluorescence intensity map for 
20k frames; center - diffusion maps; right - typical ACFs. C: As (A) but 
after DNA binding drug treatment. D: Diffusion coefficient CDF before 
(red) and after (blue) DNA binding drug treatment. The pixel size for the 
analysis is 266 nm and the correlation analysis was performed without pixel 
binning. Cell02:- Similar treatment were performed on cell 2. Histone-
EGFP diffusion before (A) and after (B) DNA-binding Hoechst 33342 
treatment. Left: fluorescence intensity and diffusion maps. Right: ACFs and 
corresponding histogram of inferred diffusion coefficients. The pixel size 
for the analysis is 266 nm and the correlation analysis was performed with 
2x2 pixel binning. Bottom figure shows the normalized ACF of Histone-
eGFP in live cells at 37 °C on a single point confocal FCS setup. 
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Figure S6: Characterization of 561 and 405 nm laser power dependence on 
diffusion time of Dendra2 protein. A: Shows ACFs of 3xNLS-Dendra2 
ACFs at different 561 nm laser power (at constant 405 nm laser 0.05 
kW/cm2). B: Shows the zoomed red region of A. C: Shows continuous 
decrease in diffusion time (red left side) and increase counts per particle 
(black right side). D: Typical correlation function obtained from fixed cells 
expressing 3xNLS-Dendra2 on a single point confocal setup. 
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Figure S7: Representative diffusion maps for Dendra2-Pol II cell nucleus at different z-
positions. All imaging performed on a sCMOS camera with effective pixel size = 160 nm. 
ACF analysis was performed with 3x3 pixel binning. 
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Figure S8: Representative diffusion law plots for Dendra2-Pol II in U2OS 
cell nucleus at different z-height. Similar to Fig. 5E but showing all planes. 
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Figure S9: Representative diffusion maps for Dendra2-YAP cell nucleus at 
different z-positions. All imaging performed on a sCMOS camera with 
effective pixel size = 160 nm. ACF analysis was performed with 4x4 pixel 
binning. 
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Figure S10: Left- Fast diffusion of Dendra2-YAP in cell cytoplasm 
performed on a confocal FCS setup at 37°C. Light blue region shows the 
time scale which can be captured on camera based FCS. Right- Auto-
correlation functions obtained with eGFP-YAP on a single point confocal 
setup (gray curves show all measured profiles and the three red curves are 
representative fits). Inset: obtained diffusion coefficient value at 37 °C 
temperature with confocal FCS. 
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Supplementary Tables 
Table S1 Typical camera exposure time and dead time for sCMOS and 

EMCCD sensors (see Fig. S4). 

Type of sensor Exposure time (ms) Dead time (ms) 
sCMOS Orca-Flash 2.0 0.0380 0.0015 

EMCCD512 Evolve 2.00 0.38 
EMCCD-iXon3 860 Andor 0.450 0.039 
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Table S2 Typical soSPIM-FCS data acquisition and post processing settings. 

Camera settings EMCCD 
Evolve 512 

sCMOS 
ORCA-
Flash4.0 

Effective pixel size (µm) 16 6.5 
Zoom factor 40-60x 40-60x 
Pixel binning   
Data acquisition camera pixel bin 1 1 
Postprocessing pixel binning   
• Bright samples (fluorescent 

beads in buffer) 
1 1-3 

• Organic dyes in buffer and 
fluorescent proteins 

1-4 3-6 

EM-gain Yes No EM gain 
Bright fluorescent beads in buffer 10-100 NA 
Organic dyes in buffer and 
fluorescent proteins 

300 NA 

Camera cycle time (ms)   
Organic dyes in buffer -- 0.016-0.160 
Fluorescent beads in buffer 2-4 0.016-2.0 
Fluorescent proteins in cells 2-5 2-5 

Number of frames(k)/time(sec) 
required  

  

Organic dyes in buffer -- 60-120/20-40 
Fluorescent beads in buffer 20-40/20-40 40-60/20-40 
Fluorescent proteins 10-20/30-50 10-20/30-50 
Laser Power kW/cm2 
405 nm laser (photoconversion to 
red) 

0.05-0.2 

561 nm laser (FCS data acquisition) 0.5-1.5 
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Table S3 Measured diffusion coefficient value of 100 nm fluorescent beads in 1xPBS 
(at pH=10) buffer and Histone protein in cell nucleus.  

Sample @ °C D (µm2/s) Method used Refs. 
100 nm Beads    
22 (lab temperature) 
20 (scaled to 20°C) 
25(scaled to 25°C 
37 (scaled to 37°C) 
22 (lab temperature) 

4.80 ±1.80 
4.53 ±1.69 
5.20 ±1.94 
6.96 ±2.60 
4.18 ±1.76 

soSPIM-FCS (1024 data points, 
 see Figure S4) 
,, 
,, 
,, 
Confocal FCS (20 data points 
 see Figure S4) 

 
This study 
 

20 4.29 The theoretical diffusion 
coefficient (Stokes-Einstein 
relationship) 

 

20 3.80 ±1.00 SPIM-FCS (4) 
20 3.38 ±0.54 Coherent anti-stokes Raman 

scattering correlation 
spectroscopy 

(5) 

20 4.10 ±0.05 Single point confocal FCS (4, 6) 
21 4.13 ±1.16 3D tracking (7) 
25 4.4 ±0.70 Two focus FCS (2fFCS) and 

dynamic light scattering 
(DLS) 

(8) 

37 6.56 ±0.30 Temporal image correlation 
spectroscopy (TICS)   

(9) 

Fluorescent beads T7279 Invitrogen 
Singapore 100 nm TetraSpec beads Fluorescent beads 

T7279 
Histone protein in 
cell nucleus at 37°C 

   

H2B-EGFP ~0.28 soSPIM-FCS This study 
~0.32 Confocal FCS 

HP1α-EGFP 0.16-0.4 camera based FCS Supplementary 
Table S1. in 
(10) 

Histone Drosophila 
His2Av::mRFP 

~0.22  camera based FCS Figure 9c in ref. 
(4) 

H2A-GFP ~0.22 camera based FCS See Table 1 in 
Ref. (4) 

Dendra2-H2B 0.5 Single particle tracking Figure 2—
figure 
supplement 1 in 
(11) 
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Table S4 The list of microscope components and materials used in this 
manuscript. 

SN 

Name of the 
component and 
serial number 

Company/
Supplier 

Specifications and 
descriptions 

1 Tunable lens 
Custom EL-30-10 Optotune focal length from -80 mm to 

+1000 mm 

2 Tube lens AC254-
050-A Thorlabs  focal length 50 mm 

3 Galvanometric 
mirrors SCANMAX 

Pangolin 
SCANMA
X 506 
actuators 

with dielectric Chroma mirrors 

4 
Nikon Objective 
Plan Fluor 60x, 1.27 
NA 

Nikon High NA objective 

5 Telescope lens 
AC254-150-A Thorlabs 

tube lens of the microscope, 
focal length 150 mm for both 
lenses 

6 Galvanometric 
control unit  

Pangolin 
Laser 
Systems 

Laser scanning unit 

7 Microscope control 
software 

MetaMorph 
software 

Home written plugins in Visual 
basic NET 

8 UV curable polymer 
OF-134 MyPolymer Polymer 

9 Pluronic solution 
F127 Sigma Surface passivation 

10 Fluorescent beads 
T7279 

Invitrogen 
Singapore 100 nm TetraSpec beads 

11 EMCCD 512 
Evolve, 
Princeton 
Instruments   

16 micron pixel size, QE 95 % 

12 sCMOS ORCA-
Flash4.0 V2 

Hamamatsu 
Japan 6.5 micron pixel size, QE 70% 

13 Atto 565 organic 
dye 

Atto-Tech 
Germany Carboxy AD 565-21 

14 
Hoechst  33342 

 

Sigma 
Singapore 

Concentration 0.2 µM for 35 
mm culture dish. 

15 HEPES buffer 
solution 

Sigma 
Singapore 10 mM, pH range 6.8-8.2 

16 Fetal Bovine Serum 
F2442 

Sigma 
Singapore Serum 10% 

17 

P0781 
Penicillin-
Streptomycin 
 

Sigma 
Singapore 1% cell culture media 
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18 GlutaMAX 
10567014 
Invitrogen 
Singapore 

1% Cell culture media 

19 Agarose 
A9414 
Sigma 
Singapore 

1.0 % agarose 
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